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ABSTRACT 
 
Lange, Martin T. M.S.Egr., Department of Electrical Engineering, Wright State 
University, 2008. Influence of Voltage Source Pulse-Width Modulated Switching 
Characteristics and Induction Motor Circuit on Harmonic Current Content.  
 
 
The purpose of this research is to present analysis of the harmonic content present 
in the phase current of a three phase induction motor while being powered by a 
voltage source pulse-width modulated (PWM) variable speed drive (VSD). First, 
the topology and circuit of the drive, its operational fundamentals and waveform 
appearance are presented and discussed. Next, the three-phase induction motor 
circuit model and operational characteristics are discussed. Finally, the harmonic 
content present in the induction motor phase current is determined by use of the 
PSPICE model. The ability of the PSICE simulation to determine harmonic 
content is established. It is shown through the use of voltage and current 
waveforms and tabulated data that the harmonic current present in the induction 
motor stator windings is a function of various key aspects of the PWM inverter 
and the motor. No particular generalization regarding the harmonic content can be 
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1.0  Introduction 
 
1.1 THE THREE PHASE INDUCTION MOTOR 
 
The three phase AC induction motor continues to be the work horse in 
industry. It was designed to operate under constant sine-wave power (50 Hz in 
Europe, 60 Hz in North America) at a fairly steady state voltage. Under sine wave 
power, the only variable, regarding its operation, is the type of loads to which it is 
coupled. Under sine-wave power, it typically operates at some range of load 
points. Its performance is based on the load point to which it is subjected. Since 
under sine-wave power the line frequency is fixed, there is no ability to vary the 
induction motor speed other than by reducing the input voltage or increasing the 
load. Neither of these options, however, is recommended because of the increased 
stresses on the motor, in the form of higher than normal currents applied to the 
motor stator windings and rotor bars.  Under sine-wave power it is also required to 
provide locked rotor and breakdown torque values that meet or exceed the 
requirements of the system to which it is providing power. Hence, the system was 
fairly rigid in terms of its capabilities.  
 
With the advent of solid state power electronics and the variable speed 
drive (VSD), three phase induction motors are now capable of matching the ability 
of the DC motor to vary its shaft speed and torque envelope without the stresses 
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addressed above. System efficiency can also be improved. By applying an input 
voltage at some volts per Hertz, the three phase induction motor operating 
envelope can now be greatly extended. There are limitations of course, such as the 
maximum speed the rotor can spin due to mechanical constraints and insuring that 
at low speeds proper air flow across the motor is available, but otherwise, its 
ability to perform in a wider range of functions is greatly expanded by the advent 
of the VSD. Include into the equation its robust character due to a brushless 
commutation scheme via the principle of electromagnetic induction and you have 
a prime mover that can exceed the reliability of its DC counterpart. 
 
1.2 BACKGROUND OF VARIABLE SPEED DRIVE 
SYSTEMS 
 
 The earliest variable speed drives were simplistic in their waveform 
scheme, the most basic being a square wave in which its frequency corresponded 
to the operating frequency of the motor. The problem of course with using such a 
wave form was the high harmonic content in the motor phase current and the 
resulting impact it had on the motor operation and performance, namely torque 
pulsations in the motor shaft and increased losses in the motor circuit. Later VSD 
power supplies utilized a six- step waveform to help reduce the harmonic content 
but there was room for much improvement.  This improvement was realized with 
the advent of pulse width modulation (PWM). 
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 In pulse-width modulation, the resultant RMS voltage is a function of the 
amplitude of the waveform, the number of pulses, and the duration of each pulse.  
Thus, the effective value and frequency of the motor phase voltage can be varied 
to control both the motor speed and torque. In any waveform in which square 
waves exist, there are harmonic components as a result. However, unlike the six-
step waveform in which the harmonic content of the voltage waveform is fixed, 
there are factors utilized in the PWM variable speed drive that impact the extent to 
which these harmonics exist if an induction motor is the load.  By controlling the 
modulation and amplitude ratio to certain predetermined values, the harmonic 




With the increased usage of PWM inverters as power sources for three 
phase induction motors, a better understanding as to how these two affect 
harmonic components in the motor phase current is sought. Excessive harmonic 
content present in motor windings can produce the following: 
1. Increased losses (resulting in reduced motor efficiency). 
2. Electromagnetic noise. 
3. Vibration (as related to item 2). 
4. Reduced motor life. 
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It is not enough to assume every motor operates in some particular manner 
when powered by a VSD. Because each motor design differs from another, each 
will have a design specific inductance and resistance. These circuit values will 
affect the motor phase current when powered by a VSD. Also, loading affects the 
per-phase resistance and inductance due to the slip of the motor. The purpose of 
this research is to present an analysis, through the use of PSPICE circuit 
simulation, of a voltage source PWM inverter connected to a three-phase 
alternating current induction motor. This work will demonstrate the following: 
 
1. The inverter’s output voltage waveform impacts the harmonic content in the 
motor phase current. 
2. Characteristics of the motor circuit, specifically, it’s per phase resistance and 
inductance, impact the harmonic content in the motor phase current. 
3. The load torque applied to the motor affect the harmonic content present in the 
motor phase current. 
4. For a given VSD output voltage waveform, the harmonic content for one motor 
design/rating may not necessarily be the same for another motor rating/design. 
 
Data for different motor sizes and ratings are presented so as to demonstrate how 
these important aspects of the inverter and the motor design all affect the harmonic 
content in the motor phase current. From this, a better understanding as to how 
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these different features that make up this electromechanical system affect and 





























2.0  The Voltage Source Pulse-Width Modulated       
Inverter 
 
2.1 CIRCUIT TOPOLOGY 
 
Figure 1 below shows a “black box” view of a voltage source PWM inverter. The 
circuit is comprised of a rectifier, filter (for constant DC), and switching network, 
with the induction motor as its load. 
 
 
Figure 1   Basic Inverter Circuit 
 
It is assumed in this study that the voltage Vd across the filter capacitor is held at a 
steady state value despite the load or the switching frequency of the inverter. 
 
The objective of the voltage source PWM inverter is to produce as economical as 
possible a sinusoidal current to the motor. By controlling the switching frequency 
of the transistors in accordance with the inductance from the motor circuit, a 
sinusoidal waveform is created. The shape of the current waveform is dependent 
on the switching frequency and inductance of the motor.   
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2.2 SINGLE PHASE PWM INVERTER 
 
Even though the work of this paper is directed towards three phase induction 
motors being powered by a three phase PWM inverter, a single phase inverter is 
discussed also, to demonstrate its operation principles. 
 
Figure 2 below shows the circuit configuration for one leg of a switch mode 
inverter. It is comprised of a three phase rectifier, filter, and a switching network. 
 
 
Figure 2:   One Legged Switch Mode Inverter  
 
 
By using two of the circuits shown in figure 2 above, a single phase full bridge 




Figure 3   Full Bridge Switch Mode Inverter.  
 
 
In order to produce a PWM voltage, a signal called the control voltage is 
compared to a triangle waveform. Depending upon the configuration of the 
switches, a PWM voltage is generated.  
 
Figure 4 shows the control voltage superimposed on the triangle wave voltage and 
the resulting PWM voltage. The triangle wave voltage Vtri determines the 
switching frequency fs, while the frequency of the control voltage Vcon the 
modulation frequency mf. 
   






The resulting output voltage produced by the inverter is adjusted by changing the 
width and switching frequency of the PWM voltage.  It is also a function of the 
ratio of the control voltage to the switching frequency voltage. This ratio is 










For a bipolar switching configuration, the equation that describes the resulting 
fundamental output voltage (sinusoidal) is a function of the amplitude modulation 









VV =                  for Vcon <= Vtri   (2) 
 
 
Equation 2 is referred to as the linear region of operation. In this region, the 
amplitude modulation ratio ma is less than or equal to one. The condition in which 
ma exceeds one is called over modulation. Both regions are discussed in further 





Another important relationship is the ratio of the inverter switching frequency to 
the frequency of the control voltage. This ratio is referred to as the frequency 
modulation ratio mf: 
 
1f
fm sf =        (3) 
 
 
Because the control voltage is sinusoidal, the output voltage VAO is written in terms 











VtmV ω  for Vcon <= Vtri  (4) 
 
 
Theoretically, there are frequencies in which voltage harmonics will occur. These 
frequencies are defined as: 
 
  1)( fkjmf fh ±=       (5) 
   
 
  kjmh f ±=       (6) 
 
 
By setting mf as an odd integer, for odd values of j, harmonics exist for only even 
values of k. For even values of j, harmonics exist for only odd values of k. Setting 





2.3   INVERTER SWITCHING TYPES  
 
There are two switching mode types, bipolar and unipolar. In bipolar switching 
using a single leg as shown in figure 2, the following takes place: 
For Vcon > Vtri: TA+ is on, VA = Vd/2 
For Vcon < Vtri: TA- is on, VA = -Vd/2.    
 
Figure 5 shows the PWM waveform for the bipolar switching mode. Note that the 














TA on, TB off 
TB on, TA off 
 Vtri 
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In uni-polar switching, which requires a full bridge configuration, the following 
takes place:  
 
For Vcon > Vtri: TA+ is on, VA = Vd.    
 
For the case where Vcon < Vtri: TA- is on, VA = 0. 
 
 
Figure 6 shows the PWM waveform for the uni-polar switching mode. For this 




Figure 6  Vtri and Vcon and the resultant PWM voltage using uni-polar switching 
scheme. 
 
For this research, the unipolar switching scheme is used because of its 
implementation in three phase inverters. The following section addresses the use 






2.4  PULSE WIDTH MODULATION IN THREE-PHASE 
VOLTAGE SOURCE INVERTERS 
 
As with the single phase inverter, the three phase configuration shapes and 
controls the three phase output voltage magnitude and frequency with a constant 
DC input voltage Vd. This is accomplished by varying the magnitude of the control 
voltage and/or the switching frequency. Again, due to harmonics created, a proper 
selection of modulation ratio ma and frequency modulation mf are important.  
 
A three phase inverter does offer benefits regarding harmonic component 
reduction that the single phase inverter does not. Because of the 120° phase shift 
between the three output terminals of the inverter, only the harmonics in the line to 
line voltages are of concern. By selecting mf as an odd multiple of three, the 
substantial harmonics are ones known as sidebands that exist around mf, where, 









Figure 7 shows the schematic diagram for a typical three phase inverter. It is 
comprised of three “legs” per figure 2. A unipolar switching scheme is used, with 








Figure 8 shows two sets of voltage waveforms. The top plot shows the single 
triangle waveform required to control the frequency of the switching and the three 
different control voltages. In order to acquire three PWM voltages 120° apart, 
three separate control voltages are used, each 120° degrees apart. Each of these is 
compared to the single triangle voltage Vtri. The resultant output voltage across 











2.5  REGIONS OF OPERATION – THREE PHASE PWM 
INVERTER 
 
There are two primary regions of operation regarding modulation, linear (ma <= 
1.0) and over-modulation (ma > 1.0). Both of these are discussed in some detail to 
help understand their influence on harmonic content and its potential effect on 
motor performance. 
 
Linear Modulation (ma <= 1.0) 
In this region of operation, the fundamental frequency component in the output 
voltage varies linearly with the modulation ratio ma. Therefore the voltage of the 







VmV =       (7) 
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VmV =       (9) 
 
   
  daLL VmV 612.01 =       (10) 
 
 
The waveform as indicated previously in figures 4, 5 and 8 is for the linear case. 




Over Modulation (ma > 1.0) 
 
In this mode of operation, there is a non-linear increase in the fundamental 
component. The peak control voltages are allowed to exceed the peak of the 
triangle waveform, and as the ratio increases (large values of ma), the PWM 




Figures 9 and 10 illustrate this case. In figure 9, the modulation ratio is equal to 1, 
where in figure 10, it has been increased to 2. Note the trend in the voltage 
waveform to move toward a square wave. 
 
 
Figure 9  Vcon, Vtri and Vphase for ma = 1. 
 
 
Figure 10  Vcon, Vtri and Vphase for ma = 2. 
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3.0  The Three Phase Induction Motor 
 
3.1 FUNDEMENTALS OF OPERATION 
 
The three phase induction motor is a rotating electric machine which operates 
under the principle of electromagnetic induction to produce rotational power.  Its 
two main components are the stator and rotor. The stator is typically comprised of 
a set of balanced, three phase connected windings assembled in an iron core with 
slots. This iron core is comprised of laminated steel sheets manufactured 
specifically for the use in electrical motors. The rotor uses the same type of core 
material, but has an electrical circuit in the form of a squirrel cage. There is no 
direct electrical connection between the stator and rotor, rather, current in the rotor 
is induced into the rotor circuit by the rotating field produced by the stator 
winding. The rotor is supported at both ends by use of a steel shaft with a bearing 
system at both ends.  
 
 
3.2 THE PER-PHASE EQUIVALENT CIRCUIT MODEL 
 
As with any electrical device, a circuit representation is a powerful tool in helping 
to understand its behavior. The most common circuit representation used to 
evaluate just about any three phase induction motor is shown in figure 11. This 
circuit model is suitable in any type of voltage and frequency combination for 




R 1 L 1 L 2 R 2





Figure 11   The per-phase equivalent circuit model. 
 
 
 Following are the circuit elements as shown in figure 11 above and what their 
primary functions are: 
R1: Per phase electrical resistance of the stator winding. 
L1: Per phase leakage inductance of the stator winding. 
RC: Per phase electrical resistance of the stator and rotor core. 
Lm: Per phase magnetizing inductance (including air gap). 
L2: Per phase leakage inductance of the rotor, referred to the primary side. 
R2: Per phase resistance of the rotor, referred to the secondary side. 
s: Rotor slip. 
 
There are three inductance components and two resistive elements as indicated in 
the equivalent circuit model. These elements are a function of the motor size and 
its geometry. For example, a three-phase, 460 Volt 60 Hz, 100 HP four pole 
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induction motor has resistances and inductances much smaller than a 10 HP design 
with the same voltage rating and number of poles. 
 
 
3.3 OPERATIONAL CHARACTERISTICS 
 
The speed in which the rotor revolves is dependent on the number of poles of the 
machine, the input frequency of the power source, and the slip of the rotor. For a 
three phase machine, the synchronous speed, that is, the speed of the rotating field 









 revs/min             (11) 
 
 
where P is the number of poles and f is the frequency of the power source. 
Depending upon the load at the shaft, the rotor speed varies from synchronous 
speed synn to a speed that corresponds to its maximum rated load point. 
 
The slip of the rotor with respect to this synchronous field is: 
 














slip       (12) 
  




The slip can vary from 0 (rotor spinning at synchronous speed) to 1 (locked rotor 
condition) as equation 12 indicates. Slip is a critical characteristic of an induction 
motor in terms of calculating the motor output power, losses and thus efficiency. 
As the motor load increases, so does the slip. It is shown in this research that the 
value of rotor slip affects the waveform of the motor phase current, and thus the 
harmonic content.  
 
Figure 12 shows a typical speed torque curve for a three phase induction motor. 
As indicated on the curve, there are three critical points. They are: 
1. Locked Rotor (slip = 1). 
2. Break-down torque (also know as peak torque). 
3. Operational range. 
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Under normal load conditions, an induction motor operates in the region of the 
speed torque curve well right of the break-down torque point as indicated in figure 
12. For example, depending upon the horsepower rating of the motor and its 
number of poles, typical values of slip are in the range of .2 to .4. This research is 
conducted for motors with load points such that the slip is in the operating region 









3.4    MOTOR INDUCTANCE AND ITS INFLUENCE ON CURRNET 
 
As indicated in the equivalent circuit, there are three inductance components. Two 
of these are the result of the leakage reactance; one from the stator windings, the 
other from the rotor bars. The core reactance is its third component. 
 
The equation used to describe the current as seen by an inductance is given as: 
dt
diLvL =     (13) 
Solving for diL: 
dt
L
Vdi LL =     (14) 
Which in essence says larger L reduces the rate of change in current iL. Also, by 
increasing the switching speed the change in current is reduced, resulting in less 














4.0  Harmonic Analysis 
 




PWM voltages and currents will contain various harmonics as mentioned 
previously. The order and amplitude of these harmonics are primarily dependent 
on the following: 
1. The frequency modulation ratio mf. 
2. The amplitude modulation ratio ma. 
3. The order of the frequency modulation ratio mf.  
 
Some issues concerning harmonic content in the motor current are (when 
compared to sine wave power): 
1. Increased losses. 
2. Electromagnetic noise. 
3. Vibration (as related to item 2). 
 
In this portion of the research, various motor designs along with different 
operating loads, and inverter switching conditions are simulated to determine how 





4.2 VERIFICATION OF PSPICE HARMONIC ANALYSIS 
 
 
As a validation of PSICE’s ability to calculate the harmonic content of a voltage or 
current waveform, the circuit per figure 7 is used and the frequency ratio mf is set 
to 1. The harmonic analysis for this square wave is then compared to the 






1(sin4)( +++= ttttf πππ
π
   (13) 
 
Note that there are no even order harmonics. 
 
Table 1 on the next page shows the calculated values per equation 13 and the 
values given in the PSPICE output file, both up to the 37th harmonic. The PSPICE 
values for a square wave closely match the calculated values and therefore, 
supports the use of PSICE in determining the harmonic content in the motor phase 









  Table I       
Calculated vs. PSPICE Harmonic Values for a Square Wave 
        
Harmonic Calculated PSPICE   
1 1.000 1.000   
3 0.333 0.333   
5 0.200 0.200   
7 0.143 0.143   
9 0.111 0.110   
11 0.091 0.090   
13 0.077 0.076   
15 0.067 0.066   
17 0.059 0.058   
19 0.053 0.052   
21 0.048 0.046   
23 0.043 0.042   
25 0.040 0.039   
27 0.037 0.036   
29 0.034 0.033   
31 0.032 0.035   
33 0.030 0.028   
35 0.029 0.027   
37 0.027 0.025   
 
Table 1   Calculated vs PSPICE Harmonic Values for a Square Wave 
 
4.3  THE PSPICE CIRCUIT 
Using the circuit per figure 7 and adding additional components to complete the 
circuit model results in the circuit used in this simulation/analysis. It is comprised 
of the following: 
1. Three control voltages and one triangle voltage source. 
2. Simple op-amps to perform comparison of control and triangle voltages and 
to provide switching signal 
3. MOSFETS for switching current on and off. 
4. Series connected resistive and inductive load used to represent the motor. 
 27
Some important aspects regarding this circuit model: 
1. The op amps are “generic”. The user selects the output voltage and gain. It 
is found that they have the capability to turn the MOSFETS on and off as 
required. 
2. The per-phase motor equivalent circuit is simplified to a single series 
inductance and resistance (see Appendix A for applicable calculation) to 
reduce non-convergence errors during simulation. 
3. Snubber networks are added to help reduce large dv/dt’s and reduce non-




Figure 13     PSICE circuit – 3 phase PWM inverter with induction motor as load. 
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4.4 SELECTION OF MOTOR DESIGNS AND SIMULATION 
PARAMETERS 
 
It is determined that a 7.5 and 30 HP four pole three phase induction motor will be 
used in conjunction with the circuit per figure 13 for this research. Both motor 
designs have a nominal sine-wave voltage center of 230 volts at 50 Hz.  
 
As stated above in section 2, the harmonic content in the PWM voltage is a 
function of ma and mf. It is not practical to perform simulations on all the possible 
combinations of these, so a selection of each will be investigated. Using the ideal 
switching condition in which no even harmonics exist results in the following 
values of k, mf and f (for fundamental frequency of 50 Hz): 
k 3k mf Freq 
1 3 3 150 
3 9 9 450 
5 15 15 750 
7 21 21 1050 
11 33 33 1650 
13 39 39 1950 
Table 2  Values of k, 3k, mf and resulting switching frequency for ideal operation. 
 
The values of k chosen for this research are 7, 11 and 13. 
 
The percent load for each of the designs is varied for each of the switching 
frequencies and modulation ratios. The data is tabulated and graphed so as to 





4.5 SIMULATION OF A 7.5 HP 4 POLE MOTOR UNDER 
CONSTANT VOLTS PER HERTZ OPERATION 
 
 
One of the primary uses of an induction motor powered by a voltage source PWM 
inverter is to operate at various speeds while under constant load torque. The 
primary advantage of this is to provide constant shaft torque for whatever shaft 
speed is required, up to the maximum output power of the motor. This portion of 
the research investigates the influence of changing the fundamental or modulation 
frequency of the drive output voltage on the harmonic content in the motor phase 
current. 
 
As stated previously in section 3.4, the motor inductance and resistance affects the 
waveform of the motor current. Since the per-phase inductance and resistance is a 
function of the motor slip (load), then the waveform of the current is also a 
function of the motor slip.  
 
Table 4 shows the following characteristics and circuit parameters for the 7.5 HP 
four pole motor under constant volts per Hz operation in 5 Hz increments from 10 






Column 1: The calculated AC phase voltage at the respective frequency per 
column 3 for constant V/f. 
Column 2: The required AC phase voltage at the respective frequency per column 
3 for same magnetic flux density as motor at rated voltage and frequency (230 
volts/50 Hz). 
Column 3: Line frequency of AC voltage. 
Column 4: Respective volts per Hz from column 2 and 3. 
Column 5: Calculated per phase resistance in ohms used at corresponding volts, 
frequency, load point and slip. 
Column 6: Calculated per phase inductance in mH used at corresponding volts, 
frequency, load point and slip. 
 
Note that at lower frequencies, the required input voltage (column 2) for the motor 
is greater than the calculated voltage (column 1) in order to maintain the same 
magnetic flux density in the motor. This is referred to as voltage boosting. As the 
input frequency is increased, the volts per Hz approach that of the rated voltage 
















46 52 10 5.20 1.3 8.6 
69 75 15 5.00 1.9 8.3 
92 97 20 4.85 2.4 7.7 
115 118 25 4.72 3.0 7.4 
138 140 30 4.67 3.5 8.5 
161 163 35 4.66 4.1 8.0 
184 185 40 4.63 4.7 8.0 
207 209 45 4.64 5.2 8.0 
230 230 50 4.60 5.8 7.7 
253 253 55 4.60 6.4 7.3 
276 276 60 4.60 9.1 4.4 
Table 3: 7.5 HP four pole motor characteristics at constant V/f operation at rated 
load point. 
 
Using the circuit values listed above in table 3 in the PSPICE model per figure 13, 
simulations are made for mf = 21, 33 and 39. The fundamental frequency is 50 Hz. 
The modulation ratio ma is chosen to be equal to one which corresponds to the 
maximum value for the linear region of operation. The required bus voltage Vd is 
calculated using equation 10 for each AC voltage per column 2 above and used for 
each operating condition in conjunction with the values per table 3. The following 
data is tabulated and then plotted for review: 
 
1. Fundamental RMS voltage. 
2. Fundamental RMS current. 




Figure 14 below shows the %THD for this 7.5 HP motor at the operating 




7.5 HP 4 Pole Induction Motor - Constant V/Hz Operation
Rated Load Point %THD in Motor Phase Current 
 for mf = 21, 33 and 39   ma = 1
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The following observations are made regarding the data per figure 14 above for 
this induction motor while operating under constant volts per hertz and a fixed 
load torque: 
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1. The %THD in the motor phase current is inversely related to the value of 
mf, that is, increasing the switching frequency of inverter decreases the 
%THD in the motor phase current. 
2. As the fundamental frequency is increased, so is the THD in the motor 
phase current. 
To help understand the cause of the increased THD for increasing modulation 
frequency at constant V/f and load torque, the line to line input voltage and current 
from the inverter to the motor for various values of mf and modulation frequencies 
are plotted and examined. Each figure also specifies the value of ma, mf, and the 
fundamental / modulation frequency. 
 
 
Figure 15   Motor voltage and current at ma = 1, mf =21, f = 30 Hz 
%THD = 3.2% 
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Figure 17   Motor voltage and current at ma = 1, mf =21, f = 60 Hz 
%THD = 5.9% 






Figure 18   Motor voltage and current at ma = 1, mf =39, f = 60 Hz 
 
Examination of the current waveforms per figures 15 through 18 supports the bar 
graph data of the %THD given in figure 14. Comparing figure 15, 16 and 17 in 
which the value of mf is the same (21) it is shown that as the modulation frequency 
is increased the current waveform becomes less of a pure sine wave and more 
ragged. Comparison of figures 17 and 18 shows that for the same conditions 




%THD = 8% 
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Additional examination of the voltage and current waveforms provides some 
insight to the effect of mf on the current waveform. Comparing the voltage 
waveforms of figure 17 and 18 a greater pulse density for mf = 39 is apparent. 
Simply put, increasing the switching frequency, thus the number of voltage pulses 
for a given modulation frequency and ma, results in less time for the inductive 
component to discharge it’s energy thus resulting in a smoother current. This is 
consistent with equation 14 in Chapter 3. Also, an additional influence on the 
ripple current and thus harmonic content is that as the modulation frequency 
increases, so does the rate of change of the current in the fundamental sine wave, 
resulting in a larger delta i between each voltage pulse from the inverter. 
 
 
Another important influence on the motor current waveform under constant volts 
per Hertz operation is the motor inductance and resistance. A simulation for each 
value of modulation frequency is performed at the corresponding voltage and the 
motor rated load using the calculated per phase equivalent circuit resistance and 
inductance listed in table 3. It is apparent that as the operation frequency for the 
motor is increased, there is a decrease in motor inductance and an increase in 
motor resistance, that is, the load becomes less inductive and more resistive. For 















46 52 10 5.20 1.3 8.6 
69 75 15 5.00 1.9 8.3 
92 97 20 4.85 2.4 7.7 
115 118 25 4.72 3.0 7.4 
138 140 30 4.67 3.5 8.5 
161 163 35 4.66 4.1 8.0 
184 185 40 4.63 4.7 8.0 
207 209 45 4.64 5.2 8.0 
230 230 50 4.60 5.8 7.7 
253 253 55 4.60 6.4 7.3 
276 276 60 4.60 9.1 4.4 
Table 3: 7.5 HP four pole motor characteristics at constant V/f operation at rated 
load point. 
 
It is evident that under constant volts per Hertz operation and a fixed load, the 
wave shape of the motor phase current and its THD is affected by not only the 
inverter switching characteristics, but also how the motor circuit values change as 
the fundamental frequency is varied. 
 
 
4.6 SIMULATION OF A 7.5 HP 4 POLE MOTOR WHILE 
OPERATING UNDER CONSTANT SPEED AND VARYING LOAD 
 
In the previous section of this research the %THD in the motor phase current is 
determined and discussed for a 7.5HP four pole motor while operating under 
constant volts per Hz at different values of mf and modulation frequencies.  This 
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section of this research discusses how load on the motor influences the current 
wave form and the %THD in the motor phase current. 
 
As in the previous section, the equivalent circuit values of the motor are calculated 
for the particular load point and then used in the PSPICE model. The main 
difference in this section however is that the motor is operating at its base voltage 
and frequency of 230 volts at 50 Hz, only the motor load is varied.  The particular 
values of inductance and resistance are dependent on the motor load, that is, the 
slip of the motor determines these two components. Appendix A shows the 
derivation of these two components – they are both dependent on motor slip. 
 
Table 4 lists the resultant values of motor inductance and resistance as the load is 
varied in 25% of full load increments, up to 125% of full load for the same 7.5HP 
4 pole induction motor simulated in section 4.5. Operating voltage is at 230 volts 
and 50 Hz. 
 
%Load R (ohms) L (mH) 
25 6.2 26.0 
50 8.1 11.0 
75 7.3 2.2 
100 5.8 7.7 
125 4.3 9.9 
Table 4   Per phase resistance and inductance of 7.5 HP 4 pole motor as a function 







Examining Table 4 we see that both the resistance and inductance change from 
one load point to the next. The inductance is of most interest here because it varies 
from a maximum value of 26 mH at 25% load, to a low of 2.2 mH at 75% load, 
then increases for the next two load points. 
 
Using the motor values per table 4, simulations are made for mf = 21, 33 and 39 
and ma = .8, 1.0, 1.3 and 1.5. Since ma affects the bus voltage, Vd is calculated 
using equation 10.  As with the previous section, the output data from the PSPICE 
output file is tabulated and graphed for review and comments. The following 
figures show the results for the different load points and inverter switching 
conditions given above. 
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7.5 HP 4 Pole Induction Motor 
%THD in Motor Phase Current for ma = .8, 1.0, 1.3 and 1.5
mf = 21 (1050 Hz)
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Figure 19 above shows the resulting %THD in the motor phase current for the 5 
different operating load points at 230 volts RMS, 60 Hz with mf =21, and 4 




7.5 HP 4 Pole Induction Motor 
%THD in Motor Phase Current for ma = .8, 1.0, 1.3 and 1.5
mf = 33 (1650 Hz)
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Examining these two set of graphs we observe the following: 
1. Of the five load point points, the worst case %THD takes place at 75% load 
for both mf = 21 and 33.  
2. Increasing the frequency modulation ratio mf from 21 to 33 decreases the 
%THD for all five load points by a factor of approximately 1.5. 
3. Increasing the amplitude modulation ratio ma appears to reduce the %THD, 




It is observed from the data that for this motor design, while operating at its 
specified design voltage of 230 volts / 50 Hz, the per phase equivalent circuit 
inductance is, for the five load points specified, a minimum at 75% load. To help 
illustrate the relationship of motor inductance and resistance as a function of load, 
Figure 21 and 22  include the ratio of inductance to resistance for each load point 





7.5 HP 4 Pole Induction Motor 
%THD in Motor Phase Current for ma = .8, 1.0, 1.3 and 1.5
mf = 21 (1050 Hz)
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Figure 21   Bar chart data for changing load points including L/R – 7.5 HP four 




7.5 HP 4 Pole Induction Motor 
%THD in Motor Phase Current for ma = .8, 1.0, 1.3 and 1.5
mf = 33 (1650 Hz)
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Figure 22   Bar chart data for changing load points including L/R – 7.5 HP 4 Pole 
induction motor, mf=33. 
 
 
The percent THD in the motor line current increases in an inverse manner with 
respect to the inductance to resistance ratio as shown in figure 21 and 22. These 
values of inductance and resistance vary as a function of the motor slip. For this 
motor design, the worst case load point for which THD is greatest is at 75% of 
rated load. This is due to the inductance being at its minimum value, thus resulting 
in a greater di/dt at this operating point. 
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Figures 23 through 25 show the waveforms of the motor input voltage and current 
for one of the phases of this motor for ma = 1 and mf = 33; figure 23 is at 25% 
load, figure 24 at 75% load, and figure 25 at 100% load. Note the harmonic 
content present in the worst case load condition of 75% (figure 24), corresponding 
to the case where the motor inductance is the lowest for the specified load points. 
 
 









Figure 25   Motor voltage and current at ma = 1, mf =33, 125% load point. 
%THD = 14.5% 
%THD = 2.5% 
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4.7    EFFECT OF MOTOR DESIGN ON HARMONICS – 
SIMULATION OF A 30 HP 4 POLE INDUCTIN MOTOR 
WITH DIFFERENT MAGNETIC STRENGTHS 
 
 
It is known that the flux density for which an induction motor is designed affects 
its electrical performance. For example, a motor of a given design in which the 
only change is to reduce the turn count in the stator winding has an increase in 
magnetic flux density, resulting in a reduction in motor slip for any given load 
point. The motor efficiency is reduced at lower load points, and improved at 
higher load points as long as the magnetic core is not saturated. This change in 
flux density and slip also alters the per phase circuit values.  
 
It is the purpose of this section to investigate how changing the magnetic strength 
of a 30 HP four pole induction motor affects the harmonic content in the motor 
phase current. Using the same process as section 4.5, the per phase circuit 
parameters for a 30 HP four pole design are determined. However, in order to help 
understand how the electrical design of the motor affects the harmonics in the 
phase current, an alternate design is also used, thus, giving two sets of per phase 
equivalent circuit values for use in the PSPICE circuit. Appendix C gives the 




Table 5 below lists the per phase circuit values derived for the 30 HP four pole 
designs evaluated in this portion of the research. Design #1 is the baseline model. 
Design #2 is equivalent in all manners to design #1 except it is “strengthened” (a 
term commonly used to describe the effect of reducing the number of turns in the 
stator winding. Sometimes it is possible to increase the gauge size of the stator 





Design #1 Design #2 
%Load R (ohms) L (mH) R (ohms) L (mH) 
25 3.7 6.4 2.7 7.6 
50 3.1 2.4 2.8 0.8 
75 2.0 4.5 2.0 3.0 
100 1.3 4.6 1.4 3.7 
125 0.8 4.1 1.0 3.6 
 
Table 5    Per phase resistance and inductances of 30 HP 4 pole induction motors. 
 
 
Referring to table 5 we see that both designs have a minimum inductance at the 
50% load point. We would expect the percent THD in the motor phase current for 
both designs to be a maximum at this load condition based on the work thus far. 
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Running the simulations for the values per table 5, the data is tabulated and the 
results plotted. Figure 26 below shows the resulting %THD in the motor phase 
current for both designs at ma =1 and mf =21.  
30 HP 4 Pole Induction Motor Comparisons
%THD in Motor Phase Current for 
ma = 1.0 and mf = 21 (1050 Hz)
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%THD - Design #1
%THD - Design #2
L/R - Design #1
L/R - Design #2
 
Figure 26   Data for 30 HP four pole induction motors – baseline vs. strengthened 
design. 
 
Reviewing the data per figure 26 above, the following observations are made for 
these two designs operating at the same values of ma, mf  and load points at 230 
volts RMS, 50 Hz fundamental: 
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1. For the five different operating load points given, both designs see the THD 
in the phase current a maximum at 50% load.  
2. For the five different operating load points given, both designs produce a 
minimum inductance and minimum L/R ratio at the 50% load point. 
3. Design #2, with its strengthened winding and resulting lower inductance, 
produces higher harmonics in the phase current at all load points, save 25% 
load. 
4. The THD in the motor phase current is a function of the motor load as was 
seen in the analysis of the 7.5 HP 4 pole design. 
 
It is apparent from the above data that the electrical characteristics of the induction 
motor affect the harmonic content in its phase current. These characteristics are a 
function of the motor design itself, that is, the physical and electrical properties 
which determine its per phase inductance and resistance. In the case given above, 
the only difference in the two motors is their magnetic strength by means of the 
number of turns in their stator windings. Design #2 has a stator winding with 
fewer turns than design #1, thus resulting in a higher flux density and lower slip. 
This produces different per phase equivalent circuit values for these two designs. 
Appendix C summarizes the differences in the per phase circuit values as part of 




4.8    IMPACT OF MOTOTOR SIZE ON HARMONIC 
CONTENT – 7.5 VS 30 HP 4 POLE DESIGN 
 
 
The final section of this research discusses the impact motor size has on harmonic 
content in its phase current when operating at a fixed fundamental voltage, 
frequency and modulation ratio. Using the designs per the previous sections of this 
report, a comparison of the data for each is tabulated for the inverter conditions of 
ma = 1, mf = 33, and a fundamental voltage of 230 volts 50 Hz. Figure 27 below 
shows %THD for both designs as a function of their corresponding load point. 
 
Induction Motor Comparison- 7.5 HP vs 30 HP 4 Pole
%THD in Motor Phase Current for ma = 1.0, mf = 33 
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7.5HP 4 Pole Motor
30 HP 4 Pole Motor
L/R - 7.5 HP 4 Pole Motor
L/R - 30 HP 4 Pole Motor
 
Figure 27   Data comparison – 7.5 vs 30 HP four pole induction motors %THD as 
a function of load. 
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As figure 27 shows, both motors phase currents see their worst case THD for the 
load point where the ratio of inductance to resistance is at its lowest point. Also, 
the percent of rated load at which the THD is a maximum is not the same – for the 
30 HP motor this occurs at the 50% load point (15 HP) , for the 7.5 HP motor, the 
75% load point (5.6 HP). 
 
Another important observation of the data per figure 27 is that even though the 7.5 
HP motor is smaller in size and has an inherently higher value of magnetizing 
inductance, it still has the opportunity to see values of harmonics similar to that of 
the 30 HP motor. Following are the per phase magnetizing inductances for these 
two motors: 
7.5 HP Motor: 32.5 mH 
30 HP Motor:  12.3 mH 
It is shown that the magnetizing inductance of the 7.5 HP motor is nearly three 
times that of the 30 HP motor. However, as the motor is loaded, there is a 
reduction in the total circuit inductance thus decreasing the ability of the motor 
circuit to filter the pulses out to the current. As the loading increases, the 
inductance continues to decreases until it reaches a minimum value of 2.2 mH, 
enough of a reduction to increase the %THD to a value nearly equal to the 30 HP. 
The importance of this observation is that despite the larger magnetizing 
inductance inherent in smaller motors, they may still see values of THD similar to 
larger horsepower designs.  
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7.5 HP Motor 30 HP Motor 
%Load R (ohms) L (mH) R (ohms) L (mH) 
25 6.2 26.0 2.7 7.6 
50 8.1 11.0 2.8 0.8 
75 7.3 2.2 2.0 3.0 
100 5.8 7.7 1.4 3.7 
125 4.3 9.9 1.0 3.6 
Table 6    Per phase resistance and inductances of 7.5 and 30 HP motors as a 











The purpose of this research is to present analysis of a three phase induction motor 
while being powered by a voltage source pulse-width modulated variable speed 
drive. Through the use of the PSPICE circuit simulation software package the 
main objective of this analysis is to determine the harmonic content present in the 
motor phase current and evaluate how different aspects of the inverter switching, 
motor design, and motor load impact the harmonic content. Using the data 
collected from the PSPICE output files, graphs are plotted corresponding to the 
inverter, motor characteristics and operating points. This allows for better 
understanding of what the relationship is between the aforementioned items and 
the amount of harmonic content present in the motor phase current. Following are 
the different areas of operation researched and a summary of the findings. 
 
Effect of Inverter Switching Frequency on Harmonic Content 
• The research indicates that for a three phase induction motor operating at a 
given load point, input voltage and fundamental frequency, increasing the 
switching frequency of the inverter reduces the ripple component present in 
the phase current, resulting in lower THD in the motor phase current.  
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• The reduction in THD is due to the fundamental principle of an inductive 
component, its ability to store energy and the effect delta t has on the wave 
shape of the current.  
• By increasing the switching frequency for a given modulation frequency, 
more voltage pulses with a shorter duration of zero volts (less “off time”) 
result incurring in a smaller change in current from voltage pulse to voltage 
pulse, and a current waveform that is more sinusoidal in shape.  
 
Effect of Frequency Modulation on Harmonic Content – Constant Volts 
per Hertz Operation 
 
In this mode of operation, the drive output voltage is such that the motor operates 
at constant volts per Hertz so that constant torque is maintained on the motor shaft 
while its speed is varied. The switching frequency is fixed, and the modulation or 
fundamental frequency is varied to change the speed of the motor.  
 
• The research indicates that for a fixed switching frequency and amplitude 
modulation ratio, the harmonic content in the line current increases as the 
modulation frequency of the drive increases (Increasing the speed of the 





• The data suggests that the cause of this increase of THD in the phase 
current is the result of two primary factors. The first factor is that as the 
modulation frequency increases, the pulse density of the output voltage 
decreases, that is, there are fewer voltage pulses present during the time in 
which the fundamental frequency is completed. The fundamental frequency 
is equal to the control voltage Vcon. An additional influence on this factor is 
that as the modulation frequency increases, so does the rate of change in the 
fundamental sine wave. The second factor related to the THD present in the 
phase current is that the per phase circuit values of the motor vary as a 
function of the modulation frequency at constant volts per Hertz and load 
torque conditions.  
• Because the rate of change in current is dependent primarily on inductance, 
the harmonic distortion in the motor phase current is dependent on the 
fundamental frequency of the drive output voltage in this condition. 
 
Effect of Motor Loading on Harmonic Content – Constant 
Fundamental Voltage and Frequency 
 
In this mode of operation the drive fundamental output voltage and frequency of 
the drive are fixed. The switching frequency and modulation ratio are also fixed. 
The motor load is varied from 25 to 125% of rated load in steps of 25%.  
• The research indicates that for this mode of operation, the harmonic content 
in the motor phase current is dependent upon the resulting value of per 
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phase inductance and resistance of the motor and that these circuit values 
are dependent on the loading of the motor.  
• The load point with the highest THD occurs where the per phase inductance 
is a minimum. The research also shows that load point at which the THD is 
the greatest can be different for each motor design. 
 
Effect of Motor Design on Harmonic Content – Constant Fundamental 
Voltage and Frequency 
 
• The research indicates that while in this mode of operation, the harmonic 
content in the motor phase current is sensitive to the design characteristics 
of the induction motor.  
• The data indicates that a change in the motor design as simple as a 
strengthening of its magnetic flux density by a reduction in turns in the 
stator winding affects the per phase equivalent circuit values of the 
induction motor. This impacts the wave shape of phase current due to the 
resulting filter from the corresponding value of inductance and resistance of 
that load point.  
• Strengthening of the magnetic flux density results in primarily a reduction 
in magnetizing inductance, and secondarily, a reduction in leakage 
inductance. This reduction of inductance results in an increase of harmonic 





Voltage source pulse-width modulated inverters produce harmonic content due to 
the nature of their voltage waveform. The harmonic content present in the inverter 
output voltage is not necessarily transferred to the current of the induction motor 
due to the inductive component of the latter. The induction motor is part of the 
power system. The induction motor has influence on the wave shape of the current 
that flows through its windings and therefore on the harmonic content in that 
current based on its design characteristics and loading. It is an integral part of the 
inverter and motor package, thus the two should be evaluated as a system to 
consider the electrical performance of the induction motor when a VSD is sought 
to provide power to this machine. 
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Appendix A  
Determining the Per Phase Values for the PSPICE 
Model 
 
Figure 1 below shows the per phase equivalent circuit model that is typically used 





R 1 L 1 L 2 R 2






Figure 1:   Per phase equivalent circuit. 
 
 
In order to simplify matters and reduce issues concerning non-convergence, a 
simplified circuit for the motor is used. This simplified circuit will not reduce or 
eliminate any of the circuit values shown above in figure 40, but rather, it groups 
the resistors into a single resistance and the inductances into a single inductance.  
 
Because the core resistance RC is of much higher impedance than the magnetizing 







Resolving the Equivalent Circuit into a Single Resistance and 
Inductance 
 
Following outlines the method in which the equivalent circuit is simplified to a 
single resistor and inductor (per phase) for the PSICE model. 
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Step 2: Find equivalent impedance for Zs||Xm: 
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Figure 3:   Per phase equivalent circuit – Equivalent impedance for rotor and 
magnetizing reactance. 
 
Step 3: Find Rp and Lp: 
 
 
SSp RRR += 1      (A.16) 
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Appendix B  
Tabulated Circuit Data and Simulation Data for 7.5 
HP Induction Motor – Constant Volts Per Hertz 
Operation 
 
B.1  Tabulated Circuit Data 
 
Using the method to determine the equivalent circuit values per Appendix A, a 
worksheet using Excel was created to calculate the resistance and inductance 
values for each of the operating load points. The following tables show the results 



























7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Base HP: 7.5 at 230 Volts, 50 Hz      
Design Voltage: 52  46 for constant V/F    
Design Freq: 10        
HP at V/F: 1.5     
Enter data in blue from 
CMM 
Connection: Delta         
Zbase: 2.92          
           
  Per Unit Eq. Cir. Values    
R1: 0.1020  Ohms 0.298  Ohms    
X1: 0.0243  Ohms 0.071  Ohms    
L1: 0.3868  mH 0.113  mH    
R2: 0.0848  Ohms 0.248  Ohms    
X2: 0.0418  Ohms 0.122  Ohms    
L2: 0.6653  mH 1.945  mH    
Xm: 0.7200  Ohms 2.105 Ohms    
             
           
             
             
  Load Point Values  
 25% 50% 75% 100% 125%  
Speed: 289 281 272 260 246  
Slip: 0.037 0.063 0.093 0.133 0.180  
R2s: 6.5 3.7 2.4 1.6 1.1  
             
Zs: 6.8 3.9 2.7 1.9 1.4  
An Zs: 0.018 0.031 0.046 0.066 0.088  
Rs: 6.8 3.9 2.7 1.9 1.4  
Xs: 0.122 0.122 0.122 0.122 0.122  
             
Zss: 2.000 1.831 1.615 1.352 1.112  
An 1: 1.27 1.08 0.90 0.72 0.58  
An 2: 0.32 0.52 0.70 0.88 1.02  
An Zss: 1.0 0.6 0.2 0.2 0.4  
Rss: 1.2 1.6 1.6 1.3 1.0  
Xss: 1.6 1.0 0.3 0.2 0.5  
             
Total R: 1.5 1.8 1.9 1.6 1.3  
Total X: 1.7 1.0 0.4 0.3 0.5  
Total L(mH): 27.0 16.6 6.3 4.4 8.6  
Impedance: 2.2 2.1 1.9 1.7 1.4  
Current: 13.4 14.1 15.6 18.1 21.2  
Torque: 5.6 11.2 16.7 22.3 27.7  
 
Figure 1:   Worksheet for 10 Hz operation. 
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7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Base HP: 7.5 at 230 Volts, 50 Hz      
Design Voltage: 75  69 for constant V/F    
Design Freq: 15         
HP at V/F: 2.25     
Enter data in blue from 
CMM 
Connection: Delta         
Zbase: 3.30          
           
  Per Unit Eq. Cir. Values    
R1: 0.089  Ohms 0.294  Ohms    
X1: 0.044  Ohms 0.145  Ohms    
L1: 0.4669  mH 0.231  mH    
R2: 0.074  Ohms 0.244  Ohms    
X2: 0.051  Ohms 0.169  Ohms    
L2: 0.5443  mH 1.796  mH    
Xm: 0.9500  Ohms 3.135 Ohms    
             
           
             
             
  Load Point Values  
 25% 50% 75% 100% 125%  
Speed: 438 427 415 400 384  
Slip: 0.027 0.051 0.078 0.111 0.147  
R2s: 8.9 4.5 2.9 2.0 1.4  
             
Zs: 9.2 4.8 3.1 2.2 1.7  
An Zs: 0.018 0.035 0.054 0.077 0.101  
Rs: 9.2 4.8 3.1 2.2 1.7  
Xs: 0.169 0.169 0.169 0.169 0.169  
             
Zss: 2.949 2.580 2.163 1.741 1.418  
An 1: 1.24 0.99 0.79 0.61 0.49  
An 2: 0.35 0.61 0.81 0.98 1.10  
An Zss: 0.9 0.4 0.0 0.4 0.6  
Rss: 1.8 2.4 2.2 1.6 1.2  
Xss: 2.3 1.0 0.1 0.6 0.8  
             
Total R: 2.1 2.7 2.5 1.9 1.5  
Total X: 2.4 1.1 0.2 0.8 1.0  
Total L(mH): 26.0 11.8 2.1 8.3 10.2  
Impedance: 3.2 2.9 2.5 2.1 1.7  
Current: 13.3 14.9 17.6 20.9 24.9  
Torque: 6.7 13.5 20.23 27.0 33.8  
 




7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Base HP: 7.5 at 230 Volts, 50 Hz      
Design Voltage: 97  92 for constant V/F    
Design Freq: 20         
HP at V/F: 3     
Enter data in blue from 
CMM 
Connection: Delta         
Zbase: 4.00          
           
  Per Unit Eq. Cir. Values    
R1: 0.0720  Ohms 0.288  Ohms    
X1: 0.048  Ohms 0.192  Ohms    
L1: 0.3820  mH 0.306  mH    
R2: 0.06  Ohms 0.240  Ohms    
X2: 0.055  Ohms 0.220  Ohms    
L2: 0.4377  mH 1.751  mH    
Xm: 1.0000  Ohms 4.000 Ohms    
             
           
             
             
  Load Point Values  
 25% 50% 75% 100% 125%  
Speed: 588 577 564 550 533  
Slip: 0.020 0.038 0.060 0.083 0.112  
R2s: 11.8 6.0 3.8 2.6 1.9  
             
Zs: 12.0 6.3 4.0 2.9 2.2  
An Zs: 0.018 0.035 0.055 0.076 0.102  
Rs: 12.0 6.3 4.0 2.9 2.1  
Xs: 0.220 0.220 0.220 0.220 0.220  
             
Zss: 3.774 3.319 2.756 2.261 1.825  
An 1: 1.25 1.00 0.79 0.62 0.49  
An 2: 0.34 0.59 0.81 0.97 1.10  
An Zss: 0.9 0.4 0.0 0.3 0.6  
Rss: 2.3 3.0 2.8 2.1 1.5  
Xss: 3.0 1.3 0.1 0.8 1.0  
             
Total R: 2.6 3.3 3.0 2.4 1.8  
Total X: 3.2 1.5 0.3 1.0 1.2  
Total L(mH): 25.3 12.0 2.1 7.7 9.8  
Impedance: 4.1 3.7 3.1 2.6 2.2  
Current: 13.6 15.3 18.3 21.5 25.8  
Torque: 6.9 13.8 20.6 27.5 34.3  
 




7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Base HP: 7.5 at 230 Volts, 50 Hz      
Design Voltage: 118  115 for constant V/F    
Design Freq: 25         
HP at V/F: 3.75     
Enter data in blue from 
CMM 
Connection: Delta         
Zbase: 5.00          
           
  Per Unit Eq. Cir. Values    
R1: 0.059  Ohms 0.295  Ohms    
X1: 0.048  Ohms 0.240  Ohms    
L1: 0.306  mH 0.382  mH    
R2: 0.049  Ohms 0.245  Ohms    
X2: 0.055  Ohms 0.275  Ohms    
L2: 0.3502  mH 1.751  mH    
Xm: 1.000  Ohms 5.000 Ohms    
             
           
             
             
  Load Point Values  
 25% 50% 75% 100% 125%  
Speed: 739 727 714 700 685  
Slip: 0.015 0.031 0.048 0.067 0.087  
R2s: 16.5 7.7 4.9 3.4 2.6  
             
Zs: 16.7 8.0 5.1 3.7 2.8  
An Zs: 0.016 0.034 0.054 0.075 0.097  
Rs: 16.7 8.0 5.1 3.7 2.8  
Xs: 0.275 0.275 0.275 0.275 0.275  
             
Zss: 4.769 4.175 3.482 2.866 2.373  
An 1: 1.28 1.01 0.80 0.63 0.51  
An 2: 0.31 0.58 0.80 0.96 1.08  
An Zss: 1.0 0.4 0.0 0.3 0.6  
Rss: 2.7 3.8 3.5 2.7 2.0  
Xss: 3.9 1.7 0.0 0.9 1.3  
             
Total R: 3.0 4.1 3.8 3.0 2.3  
Total X: 4.2 2.0 0.3 1.2 1.5  
Total L(mH): 26.6 12.6 1.7 7.4 9.6  
Impedance: 5.1 4.5 3.8 3.2 2.8  
Current: 13.3 15.0 18.0 21.1 24.8  
Torque: 6.8 13.56 20.35 27.0 33.75  
 




7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Base HP: 7.5 at 230 Volts, 50 Hz      
Design Voltage: 140  138 for constant V/F    
Design Freq: 30         
HP at V/F: 4.5     
Enter data in blue from 
CMM 
Connection: Delta         
Zbase: 5.80          
           
  Per Unit Eq. Cir. Values    
R1: 0.051  Ohms 0.296  Ohms    
X1: 0.051  Ohms 0.296  Ohms    
L1: 0.2706  mH 0.471  mH    
R2: 0.042  Ohms 0.244  Ohms    
X2: 0.058  Ohms 0.336  Ohms    
L2: 0.3077  mH 1.785  mH    
Xm: 1.0800  Ohms 6.264 Ohms    
             
           
             
             
  Load Point Values  
 25% 50% 75% 100% 125%  
Speed: 888 876 863 849 835  
Slip: 0.013 0.027 0.041 0.057 0.072  
R2s: 18.0 8.9 5.7 4.1 3.1  
             
Zs: 18.3 9.1 5.9 4.3 3.4  
An Zs: 0.018 0.037 0.057 0.078 0.099  
Rs: 18.3 9.1 5.9 4.3 3.4  
Xs: 0.336 0.336 0.336 0.336 0.336  
             
Zss: 5.892 5.081 4.191 3.429 2.865  
An 1: 1.24 0.97 0.76 0.60 0.49  
An 2: 0.35 0.63 0.84 0.99 1.10  
An Zss: 0.9 0.3 0.1 0.4 0.6  
Rss: 3.7 4.8 4.2 3.2 2.4  
Xss: 4.6 1.7 0.3 1.3 1.6  
             
Total R: 4.0 5.1 4.5 3.5 2.7  
Total X: 4.9 2.0 0.6 1.6 1.9  
Total L(mH): 25.9 10.7 3.4 8.5 10.2  
Impedance: 6.3 5.5 4.5 3.8 3.3  
Current: 12.8 14.8 17.9 21.2 24.7  
Torque: 6.8 13.56 20.35 27.0 33.75  
 




7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Base HP: 7.5 at 230 Volts, 50 Hz      
Design Voltage: 163  161 for constant V/F    
Design Freq: 35         
HP at V/F: 5.25     
Enter data in blue from 
CMM 
Connection: Delta         
Zbase: 6.70          
           
  Per Unit Eq. Cir. Values    
R1: 0.044  Ohms 0.295  Ohms    
X1: 0.052  Ohms 0.348  Ohms    
L1: 0.2365  mH 0.555  mH    
R2: 0.037  Ohms 0.248  Ohms    
X2: 0.058  Ohms 0.389  Ohms    
L2: 0.2638  mH 1.767  mH    
Xm: 1.0700  Ohms 7.169 Ohms    
             
           
             
             
  Load Point Values  
 25% 50% 75% 100% 125%  
Speed: 1038 1026 1013 999 985  
Slip: 0.011 0.023 0.035 0.049 0.062  
R2s: 21.4 10.6 6.8 4.9 3.8  
             
Zs: 21.7 10.9 7.0 5.1 4.0  
An Zs: 0.018 0.036 0.055 0.076 0.097  
Rs: 21.7 10.8 7.0 5.1 4.0  
Xs: 0.389 0.389 0.389 0.389 0.389  
             
Zss: 6.771 5.886 4.892 4.024 3.372  
An 1: 1.25 0.99 0.78 0.62 0.51  
An 2: 0.34 0.61 0.82 0.98 1.08  
An Zss: 0.9 0.4 0.0 0.4 0.6  
Rss: 4.1 5.5 4.9 3.8 2.8  
Xss: 5.4 2.2 0.2 1.4 1.8  
             
Total R: 4.4 5.8 5.2 4.1 3.1  
Total X: 5.7 2.5 0.6 1.8 2.2  
Total L(mH): 26.0 11.5 2.6 8.0 9.9  
Impedance: 7.2 6.3 5.2 4.4 3.8  
Current: 13.0 15.0 18.1 21.3 24.7  
Torque: 6.8 13.7 20.5 27.3 33.9  
 




7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Base HP: 7.5 at 230 Volts, 50 Hz      
Design Voltage: 185  184 for constant V/F    
Design Freq: 40         
HP at V/F: 6     
Enter data in blue from 
CMM 
Connection: Delta         
Zbase: 7.60          
           
  Per Unit Eq. Cir. Values    
R1: 0.039  Ohms 0.296  Ohms    
X1: 0.052  Ohms 0.395  Ohms    
L1: 0.2069  mH 0.629  mH    
R2: 0.032  Ohms 0.246  Ohms    
X2: 0.058  Ohms 0.441  Ohms    
L2: 0.2308  mH 1.754  mH    
Xm: 1.0900  Ohms 8.284 Ohms    
             
           
             
             
  Load Point Values  
 25% 50% 75% 100% 125%  
Speed: 1188 1176 1164 1150 1136  
Slip: 0.010 0.020 0.030 0.042 0.053  
R2s: 24.4 12.1 8.0 5.7 4.4  
             
Zs: 24.6 12.3 8.2 5.9 4.6  
An Zs: 0.018 0.036 0.054 0.074 0.095  
Rs: 24.6 12.3 8.2 5.9 4.6  
Xs: 0.441 0.441 0.441 0.441 0.441  
             
Zss: 7.810 6.763 5.684 4.659 3.892  
An 1: 1.25 0.98 0.78 0.62 0.51  
An 2: 0.34 0.62 0.82 0.98 1.08  
An Zss: 0.9 0.4 0.0 0.4 0.6  
Rss: 4.8 6.3 5.7 4.4 3.3  
Xss: 6.1 2.4 0.2 1.6 2.1  
             
Total R: 5.1 6.6 6.0 4.7 3.6  
Total X: 6.5 2.8 0.6 2.0 2.5  
Total L(mH): 26.0 11.1 2.4 8.0 10.0  
Impedance: 8.3 7.2 6.0 5.1 4.4  
Current: 12.9 14.9 17.8 21.0 24.5  
Torque: 6.9 13.8 20.6 27.5 34.3  
 




7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Base HP: 7.5 at 230 Volts, 50 Hz      
Design Voltage: 209  207 for constant V/F    
Design Freq: 45         
HP at V/F: 6.75     
Enter data in blue from 
CMM 
Connection: Delta         
Zbase: 8.44          
           
  Per Unit Eq. Cir. Values    
R1: 0.040  Ohms 0.338  Ohms    
X1: 0.051  Ohms 0.430  Ohms    
L1: 0.1804  mH 0.685  mH    
R2: 0.029  Ohms 0.245  Ohms    
X2: 0.059  Ohms 0.498  Ohms    
L2: 0.2087  mH 1.761  mH    
Xm: 1.1000  Ohms 9.284 Ohms    
             
           
             
             
  Load Point Values  
 25% 285% 75% 100% 125%  
Speed: 1338 1326 1313 1300 1285  
Slip: 0.009 0.018 0.027 0.037 0.048  
R2s: 27.3 13.5 8.7 6.4 4.8  
             
Zs: 27.5 13.8 8.9 6.6 5.1  
An Zs: 0.018 0.036 0.056 0.075 0.098  
Rs: 27.5 13.8 8.9 6.6 5.1  
Xs: 0.498 0.498 0.498 0.498 0.498  
             
Zss: 8.750 7.573 6.269 5.212 4.302  
An 1: 1.25 0.98 0.77 0.62 0.50  
An 2: 0.34 0.62 0.83 0.98 1.09  
An Zss: 0.9 0.4 0.1 0.4 0.6  
Rss: 5.4 7.1 6.3 4.9 3.6  
Xss: 6.9 2.7 0.4 1.8 2.4  
             
Total R: 5.7 7.4 6.6 5.2 3.9  
Total X: 7.3 3.1 0.8 2.3 2.8  
Total L(mH): 25.8 11.0 3.0 8.0 10.0  
Impedance: 9.3 8.0 6.6 5.7 4.8  
Current: 13.0 15.0 18.2 21.2 25.0  
Torque: 6.8 13.6 20.45 27.3 33.9  
 




7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
              
Load Point: 7.5 HP     Enter data in blue from CMM 
Design Voltage: 230           
Design Freq: 50    Rated Load Point Torque: 27.1 Ft*lb.
Connection: Delta          
Zbase: 9.31           
            
 Per Unit Eq. Cir. Values     
R1: 0.0320  Ohms 0.298  Ohms     
X1: 0.0538  Ohms 0.501  Ohms     
L1: 0.1713  mH 0.797  mH     
R2: 0.0266  Ohms 0.248  Ohms     
X2: 0.0601  Ohms 0.559  Ohms     
L2: 0.1913  mH 1.781  mH     
Xm: 1.0980  Ohms 10.220 Ohms     
             
            
             
             
  Load Point Values   
 25% 50% 75% 100% 125%  
Speed: 1488 1476 1464 1450 1435  
Slip: 0.008 0.016 0.024 0.033 0.043  
R2s: 30.7 15.0 10.0 7.2 5.5   
             
Zs: 31.0 15.2 10.2 7.5 5.7   
An Zs: 0.018 0.037 0.055 0.075 0.097   
Rs: 30.9 15.2 10.2 7.5 5.7   
Xs: 0.559 0.559 0.559 0.559 0.559   
             
Zss: 9.653 8.346 7.036 5.839 4.815   
An 1: 1.25 0.98 0.78 0.63 0.51   
An 2: 0.34 0.62 0.81 0.96 1.08   
An Zss: 0.9 0.4 0.0 0.3 0.6   
Rss: 5.9 7.8 7.0 5.5 4.0   
Xss: 7.7 3.0 0.2 1.9 2.6   
             
Total R: 6.2 8.1 7.3 5.8 4.3   
Total X: 8.2 3.5 0.7 2.4 3.1   
Total L(mH): 26.0 11.0 2.2 7.7 9.9   
Impedance: 10.2 8.8 7.4 6.3 5.3   
Current: 13.0 15.1 18.0 21.1 24.9   
 







7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Base HP: 7.5 at 230 Volts, 50 Hz      
Design Voltage: 253  253 for constant V/F    
Design Freq: 55         
HP at V/F: 8.25     
Enter data in blue from 
CMM 
Connection: Delta         
Zbase: 10.30          
           
  Per Unit Eq. Cir. Values    
R1: 0.028  Ohms 0.288  Ohms    
X1: 0.053  Ohms 0.546  Ohms    
L1: 0.1534  mH 0.869  mH    
R2: 0.024  Ohms 0.247  Ohms    
X2: 0.059  Ohms 0.608  Ohms    
L2: 0.1707  mH 1.759  mH    
Xm: 1.0800  Ohms 11.124 Ohms    
             
           
             
             
  Load Point Values  
 25% 285% 75% 100% 125%  
Speed: 1638 1626 1614 1601 1586  
Slip: 0.007 0.015 0.022 0.030 0.039  
R2s: 33.7 16.7 11.1 8.1 6.1  
             
Zs: 34.0 17.0 11.3 8.3 6.4  
An Zs: 0.018 0.036 0.054 0.073 0.095  
Rs: 34.0 17.0 11.3 8.3 6.4  
Xs: 0.608 0.608 0.608 0.608 0.608  
             
Zss: 10.517 9.160 7.739 6.454 5.334  
An 1: 1.25 0.99 0.79 0.64 0.52  
An 2: 0.33 0.60 0.80 0.95 1.07  
An Zss: 0.9 0.4 0.0 0.3 0.6  
Rss: 6.4 8.5 7.7 6.1 4.5  
Xss: 8.4 3.5 0.1 2.0 2.8  
             
Total R: 6.6 8.8 8.0 6.4 4.8  
Total X: 8.9 4.0 0.6 2.5 3.3  
Total L(mH): 25.8 11.6 1.8 7.3 9.7  
Impedance: 11.1 9.6 8.1 6.9 5.9  
Current: 13.1 15.1 18.1 21.1 24.9  
Torque: 6.8 13.6 20.45 27.3 33.9  
 




7.5 HP 75 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Base HP: 7.5 at 230 Volts, 50 Hz      
Design Voltage: 276  184 for constant V/F    
Design Freq: 60         
HP at V/F: 9     
Enter data in blue from 
CMM 
Connection: Delta         
Zbase: 16.89          
           
  Per Unit Eq. Cir. Values    
R1: 0.018  Ohms 0.299  Ohms    
X1: 0.0356  Ohms 0.601  Ohms    
L1: 0.0944  mH 0.957  mH    
R2: 0.015  Ohms 0.248  Ohms    
X2: 0.0446  Ohms 0.753  Ohms    
L2: 0.1183  mH 1.998  mH    
Xm: 0.7100  Ohms 11.992 Ohms    
             
           
             
             
  Load Point Values  
 25% 50% 75% 100% 125%  
Speed: 1792 1784 1777 1768 1759  
Slip: 0.004 0.009 0.013 0.018 0.023  
R2s: 55.6 27.7 19.2 13.7 10.7  
             
Zs: 55.9 27.9 19.4 14.0 10.9  
An Zs: 0.013 0.027 0.039 0.054 0.069  
Rs: 55.9 27.9 19.4 14.0 10.9  
Xs: 0.753 0.753 0.753 0.753 0.753  
             
Zss: 11.693 10.914 10.035 8.871 7.813  
An 1: 1.36 1.17 1.02 0.86 0.74  
An 2: 0.22 0.43 0.58 0.74 0.86  
An Zss: 1.1 0.7 0.4 0.1 0.1  
Rss: 4.9 8.1 9.1 8.8 7.8  
Xss: 10.6 7.3 4.2 1.1 1.0  
             
Total R: 5.2 8.4 9.4 9.1 8.1  
Total X: 11.2 7.9 4.9 1.7 1.6  
Total L(mH): 29.7 21.1 12.9 4.4 4.2  
Impedance: 12.4 11.5 10.6 9.3 8.2  
Current: 12.9 13.8 15.1 17.2 19.4  
 





B.2  Tabulated Simulation Data 
 
The following table is the simulation results for the 7.5 HP four pole induction 
motor being operated at constant volts per Hertz at its rated load point torque of 
approximately 27.5 ft*lb. The input frequency is varied from 10 to 60 Hz in 5 Hz 
increments with the input voltage such that constant flux density in maintained. 
 
 




Appendix C  
Tabulated Circuit Data and Simulation Data for 30 
HP Induction Motors  
 
C.1  Tabulated Circuit Data 
 
Using the method to determine the equivalent circuit values per Appendix A, a 
worksheet using Excel was created to calculate the resistance and inductance 
values for the two different 30 HP induction motor designs. Figure 1 is the 














30 HP 88 Frame 4 Pole Motor Design #1 - Equivalent Circuit Values 
             
Load Point: 30 HP     
Enter data in blue from 
CMM 
Design Voltage: 230          
Design Freq: 50         
Connection: Delta         
Zbase: 2.36          
           
  Per Unit Eq. Cir. Values    
R1: 0.0340  Ohms 0.080  Ohms    
X1: 0.065  Ohms 0.154  Ohms    
L1: 0.2069  mH 0.245  mH    
R2: 0.0365  Ohms 0.086  Ohms    
X2: 0.088  Ohms 0.208  Ohms    
L2: 0.2801  mH 0.662  mH    
Xm: 2.0500  Ohms 4.846 Ohms    
             
           
             
             
  Load Point Values  
 25% 50% 75% 100% 125%  
Speed: 1484 1468 1451 1433 1412  
Slip: 0.011 0.021 0.033 0.045 0.059  
R2s: 8.0 4.0 2.6 1.8 1.4  
             
Zs: 8.1 4.1 2.6 1.9 1.5  
An Zs: 0.026 0.051 0.079 0.107 0.141  
Rs: 8.1 4.0 2.6 1.9 1.5  
Xs: 0.208 0.208 0.208 0.208 0.208  
             
Zss: 4.111 3.032 2.252 1.740 1.368  
An 1: 1.03 0.70 0.50 0.38 0.29  
An 2: 0.56 0.90 1.09 1.21 1.29  
An Zss: 0.5 0.2 0.6 0.8 1.0  
Rss: 3.7 3.0 1.9 1.2 0.7  
Xss: 1.9 0.6 1.3 1.3 1.1  
             
Total R: 3.7 3.1 2.0 1.3 0.8  
Total X: 2.0 0.8 1.4 1.4 1.3  
Total L(mH): 6.4 2.4 4.5 4.6 4.1  
Impedance: 4.3 3.1 2.4 1.9 1.5  
Current: 31.2 42.2 55.2 69.6 86.2  






Bitzer 30 HP 88 Frame 4 Pole Motor - Equivalent Circuit Values 
             
Load Point: 30 HP     
Enter data in blue from 
CMM 
Design Voltage: 230          
Design Freq: 50         
Connection: Delta         
Zbase: 2.36          
           
  Per Unit Eq. Cir. Values    
R1: 0.028  Ohms 0.066  Ohms    
X1: 0.056  Ohms 0.132  Ohms    
L1: 0.1783  mH 0.211  mH    
R2: 0.031  Ohms 0.074  Ohms    
X2: 0.076  Ohms 0.180  Ohms    
L2: 0.2419  mH 0.572  mH    
Xm: 1.6310  Ohms 3.856 Ohms    
             
           
             
             
  Load Point Values  
 25% 50% 75% 100% 125%  
Speed: 1487 1473 1458 1443 1426  
Slip: 0.009 0.018 0.028 0.038 0.049  
R2s: 8.5 4.0 2.6 1.9 1.4  
             
Zs: 8.6 4.1 2.7 2.0 1.5  
An Zs: 0.021 0.044 0.068 0.092 0.118  
Rs: 8.6 4.1 2.7 2.0 1.5  
Xs: 0.180 0.180 0.180 0.180 0.180  
             
Zss: 3.489 2.758 2.122 1.687 1.363  
An 1: 1.15 0.82 0.60 0.47 0.37  
An 2: 0.44 0.77 0.99 1.12 1.21  
An Zss: 0.7 0.0 0.4 0.7 0.8  
Rss: 2.7 2.8 2.0 1.3 0.9  
Xss: 2.3 0.1 0.8 1.0 1.0  
             
Total R: 2.7 2.8 2.0 1.4 1.0  
Total X: 2.4 0.3 0.9 1.2 1.1  
Total L(mH): 7.6 0.8 3.0 3.7 3.6  
Impedance: 3.6 2.8 2.2 1.8 1.5  
Current: 36.6 46.9 59.4 72.9 88.2  
 





C.2  Tabulated Simulation Data 
 
The following tables are the simulation results for the 30 HP four pole induction 
motors being operated at 230 volts 50 Hz and the load points varied from 25% to 

























Appendix D  
PSPICE Circuit, Netlist and Output File 
 




D.2  PSPICE NETLIST AND OUTPUT FILE 
 
Following is the typical PSPICE netlist and output file for a simulation.  The example 
listed below is for the 7.5 HP four pole design while operating at 100% rated load 
point, mf = 33, ma = .8, fundamental voltage of 230 V rms at 50 Hz. 
 
 
**** 11/29/07 07:50:38 *********** Evaluation PSpice (Nov 1999) ************** 
 
 * E:\Misc\Thesis Work\PSPICE\3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.sch 
 
 
****************     CIRCUIT DESCRIPTION ********************************* 
 
 
* Schematics Version 9.1 - Web Update 1 
* Thu Nov 29 07:50:34 2007 
 
 
** Analysis setup ** 
.tran 0ns .09 0 10us 











* From [PSPICE NETLIST] section of pspiceev.ini: 
.lib "nom.lib" 
 
.INC "3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.net" 
 
**** INCLUDING "3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.net" **** 





R_R1         $N_0002 $N_0001  50k   
R_R3         $N_0003 $N_0001  50k   
R_R5         $N_0004 $N_0001  50k   
C_C6         0 $N_0005  10n   
R_R2         $N_0007 $N_0006  50k   
R_R4         $N_0009 $N_0008  50k   
C_C4         0 $N_0009  10n   
C_C2         0 $N_0007  10n   
C_C1         $N_0006 $N_0002  10n   
C_C3         $N_0008 $N_0003  10n   
C_C5         $N_0010 $N_0004  10n   
R_R6         $N_0005 $N_0010  50k   
M_M1         $N_0001 $N_0011 $N_0006 $N_0006 IRF150 
M_M2         $N_0006 $N_0012 0 0 IRF150 
M_M4         $N_0008 $N_0013 0 0 IRF150 
M_M3         $N_0001 $N_0014 $N_0008 $N_0008 IRF150 
M_M5         $N_0001 $N_0015 $N_0010 $N_0010 IRF150 
M_M6         $N_0010 $N_0016 0 0 IRF150 
R_RLine         $N_0017 $N_0001  .005   
E_U1         $N_0011 0 VALUE {LIMIT(V($N_0018,$N_0019)*1E12,0,+550V)} 
E_U3         $N_0014 0 VALUE {LIMIT(V($N_0020,$N_0019)*1E12,0,+550V)} 
E_U2         $N_0012 0 VALUE {LIMIT(V($N_0019,$N_0018)*1E12,0,+550V)} 
E_U5         $N_0015 0 VALUE {LIMIT(V($N_0021,$N_0019)*1E12,0,+550V)} 
E_U6         $N_0016 0 VALUE {LIMIT(V($N_0019,$N_0021)*1E12,0,+550V)} 
E_U4         $N_0013 0 VALUE {LIMIT(V($N_0019,$N_0020)*1E12,0,+550V)} 
V_Vtri         $N_0019 0 DC 0 AC 0 
+PULSE -10 10 0 3.03e-4 3.03e-4 1E-12 6.061e-4 
V_VconA1         $N_0018 0 DC 0 AC 5 
+SIN 0 10 50 0 0 0 
V_VconB1         $N_0020 0 DC 0 AC 5 
+SIN 0 10 50 0 0 120 
V_VconC1         $N_0021 0 DC 0 AC 5 
+SIN 0 10 50 0 0 -120 
V_Vbus         $N_0017 0 378 
R_Rp1         $N_0022 $N_0010  5.8   
R_Rp2         $N_0023 $N_0008  5.8   
R_Rp3         $N_0024 $N_0006  5.8   
L_Lp1         $N_0022 $N_0025  7.7mH   
L_Lp2         $N_0023 $N_0025  7.7mH   
L_Lp3         $N_0024 $N_0025  7.7mH   
 
**** RESUMING "3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.cir" **** 
.INC "3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.als" 
 
 
**** INCLUDING "3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.als" **** 
 83
* Schematics Aliases * 
 
.ALIASES 
R_R1            R1(1=$N_0002 2=$N_0001 ) 
R_R3            R3(1=$N_0003 2=$N_0001 ) 
R_R5            R5(1=$N_0004 2=$N_0001 ) 
C_C6            C6(1=0 2=$N_0005 ) 
R_R2            R2(1=$N_0007 2=$N_0006 ) 
R_R4            R4(1=$N_0009 2=$N_0008 ) 
C_C4            C4(1=0 2=$N_0009 ) 
C_C2            C2(1=0 2=$N_0007 ) 
C_C1            C1(1=$N_0006 2=$N_0002 ) 
C_C3            C3(1=$N_0008 2=$N_0003 ) 
C_C5            C5(1=$N_0010 2=$N_0004 ) 
R_R6            R6(1=$N_0005 2=$N_0010 ) 
M_M1            M1(d=$N_0001 g=$N_0011 s=$N_0006 s=$N_0006 ) 
M_M2            M2(d=$N_0006 g=$N_0012 s=0 s=0 ) 
M_M4            M4(d=$N_0008 g=$N_0013 s=0 s=0 ) 
M_M3            M3(d=$N_0001 g=$N_0014 s=$N_0008 s=$N_0008 ) 
M_M5            M5(d=$N_0001 g=$N_0015 s=$N_0010 s=$N_0010 ) 
M_M6            M6(d=$N_0010 g=$N_0016 s=0 s=0 ) 
R_RLine          RLine(1=$N_0017 2=$N_0001 ) 
E_U1            U1(OUT=$N_0011 +=$N_0018 -=$N_0019 ) 
E_U3            U3(OUT=$N_0014 +=$N_0020 -=$N_0019 ) 
E_U2            U2(OUT=$N_0012 +=$N_0019 -=$N_0018 ) 
E_U5            U5(OUT=$N_0015 +=$N_0021 -=$N_0019 ) 
E_U6            U6(OUT=$N_0016 +=$N_0019 -=$N_0021 ) 
E_U4            U4(OUT=$N_0013 +=$N_0019 -=$N_0020 ) 
V_Vtri          Vtri(+=$N_0019 -=0 ) 
V_VconA1          VconA1(+=$N_0018 -=0 ) 
V_VconB1          VconB1(+=$N_0020 -=0 ) 
V_VconC1          VconC1(+=$N_0021 -=0 ) 
V_Vbus          Vbus(+=$N_0017 -=0 ) 
R_Rp1           Rp1(1=$N_0022 2=$N_0010 ) 
R_Rp2           Rp2(1=$N_0023 2=$N_0008 ) 
R_Rp3           Rp3(1=$N_0024 2=$N_0006 ) 
L_Lp1           Lp1(1=$N_0022 2=$N_0025 ) 
L_Lp2           Lp2(1=$N_0023 2=$N_0025 ) 
L_Lp3           Lp3(1=$N_0024 2=$N_0025 ) 
.ENDALIASES 
 






**** 11/29/07 07:50:38 *********** Evaluation PSpice (Nov 1999) ************** 
 
 * E:\Misc\Thesis Work\PSPICE\3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.sch 
 
 ****     MOSFET MODEL PARAMETERS     ****************************** 
 
               IRF150           
               NMOS             
        LEVEL    3             
               L    2.000000E-06  
              W     .3           
              VTO    2.831         
               KP   20.530000E-06  
               GAMMA    0             
               PHI     .6           
               LAMBDA    0             
               RD    1.031000E-03  
               RS    1.624000E-03  
              RG   13.89          
              RDS  444.400000E+03  
              IS  194.000000E-18  
              JS    0             
              PB     .8           
              PBSW     .8           
              CBD    3.229000E-09  
               CJ    0             
              CJSW    0             
              TT  288.000000E-09  
              CGSO    9.027000E-09  
              CGDO    1.679000E-09  
              CGBO    0             
               TOX  100.000000E-09  
               XJ    0             
               UCRIT   10.000000E+03  
                DELTA    0             
               ETA    0             
               KAPPA    1.000000E-12  
              DIOMOD    1             
              VFB    0             
              LETA    0             
             WETA    0             
              U0    0             
             TEMP    0             
             VDD    0             
             XPART    0             
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**** 11/29/07 07:50:38 *********** Evaluation PSpice (Nov 1999) ************** 
 
 * E:\Misc\Thesis Work\PSPICE\3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.sch 
 
 






 NODE   VOLTAGE     NODE   VOLTAGE     NODE   VOLTAGE     NODE   VOLTAGE 
 
 
($N_0001)  378.0000                   ($N_0002)  378.0000                        
 
($N_0003)  378.0000                   ($N_0004)  378.0000                        
 
($N_0005)  189.0000                   ($N_0006)  189.0000                        
 
($N_0007)  189.0000                   ($N_0008)  189.0000                        
 
($N_0009)  189.0000                   ($N_0010)  189.0000                        
 
($N_0011)    0.0000                   ($N_0012)    0.0000                        
 
($N_0013)    0.0000                   ($N_0014)    0.0000                        
 
($N_0015)    0.0000                   ($N_0016)    0.0000                        
 
($N_0017)  378.0000                   ($N_0018)    0.0000                        
 
($N_0019)    0.0000                   ($N_0020)    0.0000                        
 
($N_0021)    0.0000                   ($N_0022)  189.0000                        
 
($N_0023)  189.0000                   ($N_0024)  189.0000                        
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 VOLTAGE SOURCE CURRENTS 
    NAME         CURRENT 
 
    V_Vtri       0.000E+00 
    V_VconA1     0.000E+00 
    V_VconB1     0.000E+00 
    V_VconC1     0.000E+00 
    V_Vbus      -1.276E-03 
 
    TOTAL POWER DISSIPATION   4.82E-01  WATTS 
 
**** 11/29/07 07:50:38 *********** Evaluation PSpice (Nov 1999) ************** 
 
 * E:\Misc\Thesis Work\PSPICE\3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.sch 
 
 








**** VOLTAGE-CONTROLLED VOLTAGE SOURCES 
 
 
NAME         E_U1        E_U3        E_U2        E_U5        E_U6       
V-SOURCE     0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00 
I-SOURCE     0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00 
 
NAME         E_U4       
V-SOURCE     0.000E+00 






NAME         M_M1          M_M2        M_M4        M_M3        M_M5       
MODEL        IRF150      IRF150      IRF150        IRF150         IRF150     
ID                4.25E-04     4.25E-04     4.25E-04     4.25E-04    4.25E-04  
VGS           -1.89E+02    0.00E+00    0.00E+00   -1.89E+02   -1.89E+02  
VDS            1.89E+02    1.89E+02    1.89E+02    1.89E+02    1.89E+02  
VBS             0.00E+00    0.00E+00    0.00E+00    0.00E+00    0.00E+00  
VTH            2.83E+00    2.83E+00    2.83E+00    2.83E+00    2.83E+00  
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VDSAT        0.00E+00    0.00E+00    0.00E+00    0.00E+00    0.00E+00  
Lin0/Sat1   -1.00E+00   -1.00E+00   -1.00E+00   -1.00E+00   -1.00E+00  
if          -1.00E+00   -1.00E+00   -1.00E+00   -1.00E+00   -1.00E+00  
ir          -1.00E+00   -1.00E+00   -1.00E+00   -1.00E+00   -1.00E+00  
TAU         -1.00E+00   -1.00E+00   -1.00E+00   -1.00E+00   -1.00E+00  
GM           0.00E+00    0.00E+00    0.00E+00    0.00E+00    0.00E+00  
GDS          2.25E-06    2.25E-06    2.25E-06    2.25E-06    2.25E-06  
GMB          0.00E+00    0.00E+00    0.00E+00    0.00E+00    0.00E+00  
CBD          2.10E-10    2.10E-10    2.10E-10    2.10E-10    2.10E-10  
CBS          2.90E-19    2.90E-19    2.90E-19    2.90E-19    2.90E-19  
CGSOV        2.71E-09    2.71E-09    2.71E-09    2.71E-09    2.71E-09  
CGDOV        5.04E-10    5.04E-10    5.04E-10    5.04E-10    5.04E-10  
CGBOV        0.00E+00    0.00E+00    0.00E+00    0.00E+00    0.00E+00  
CGS          0.00E+00    0.00E+00    0.00E+00    0.00E+00    0.00E+00  
CGD          0.00E+00    0.00E+00    0.00E+00    0.00E+00    0.00E+00  
CGB          2.07E-10    2.07E-10    2.07E-10    2.07E-10    2.07E-10  
 
NAME         M_M6       
MODEL        IRF150     
ID                 4.25E-04  
VGS             0.00E+00  
VDS            1.89E+02  
VBS             0.00E+00  
VTH            2.83E+00  
VDSAT        0.00E+00  
Lin0/Sat1    -1.00E+00  
if                 -1.00E+00  
ir                 -1.00E+00  
TAU          -1.00E+00  
GM             0.00E+00  
GDS            2.25E-06  
GMB          0.00E+00  
CBD           2.10E-10  
CBS            2.90E-19  
CGSOV        2.71E-09  
CGDOV        5.04E-10  
CGBOV        0.00E+00  
CGS              0.00E+00  
CGD             0.00E+00  
CGB             2.07E-10 
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**** 11/29/07 07:50:38 *********** Evaluation PSpice (Nov 1999) ************** 
 
 * E:\Misc\Thesis Work\PSPICE\3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.sch 
 
 







 NODE   VOLTAGE     NODE   VOLTAGE     NODE   VOLTAGE     NODE   VOLTAGE 
 
 
($N_0001)  378.0000                   ($N_0002)  378.0000                        
 
($N_0003)  378.0000                   ($N_0004)  378.0000                        
 
($N_0005)  378.0000                   ($N_0006)  378.0000                        
 
($N_0007)  378.0000                   ($N_0008)  378.0000                        
 
($N_0009)  378.0000                   ($N_0010)  378.0000                        
 
($N_0011)  550.0000                   ($N_0012)    0.0000                        
 
($N_0013)    0.0000                    ($N_0014)  550.0000                        
 
($N_0015)  550.0000                   ($N_0016)    0.0000                        
 
($N_0017)  378.0000                   ($N_0018)    0.0000                        
 
($N_0019)  -10.0000                   ($N_0020)    8.6603                        
 
($N_0021)   -8.6603                   ($N_0022)  378.0000                        
 
($N_0023)  378.0000                   ($N_0024)  378.0000                        
 







    VOLTAGE SOURCE CURRENTS 
    NAME         CURRENT 
 
    V_Vtri       0.000E+00 
    V_VconA1     0.000E+00 
    V_VconB1     0.000E+00 
    V_VconC1     0.000E+00 
    V_Vbus      -2.552E-03 
 
    TOTAL POWER DISSIPATION   9.65E-01  WATTS 
 
 
**** 11/29/07 07:50:38 *********** Evaluation PSpice (Nov 1999) ************** 
 
 * E:\Misc\Thesis Work\PSPICE\3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.sch 
 
 











 DC COMPONENT =  -9.661314E-02 
 
 HARMONIC   FREQUENCY    FOURIER    NORMALIZED    PHASE        
NORMALIZED 
    NO         (HZ)     COMPONENT    COMPONENT    (DEG)       PHASE (DEG) 
 
     1     5.000E+01    3.256E+02    1.000E+00    9.022E+01    0.000E+00 
     2     1.000E+02    1.353E+00    4.154E-03   -1.423E+02   -3.227E+02 
     3     1.500E+02    8.623E-01    2.648E-03   -2.385E+01   -2.945E+02 
     4     2.000E+02    1.108E+00    3.403E-03    1.951E+01   -3.414E+02 
     5     2.500E+02    8.266E-01    2.538E-03    8.790E+01   -3.632E+02 
     6     3.000E+02    3.609E-01    1.108E-03   -7.358E+01   -6.149E+02 
     7     3.500E+02    1.015E+00    3.116E-03    1.503E+02   -4.812E+02 
     8     4.000E+02    9.763E-01    2.998E-03   -1.656E+02   -8.873E+02 
     9     4.500E+02    5.577E-01    1.713E-03   -1.227E+02   -9.346E+02 
    10     5.000E+02    1.838E+00    5.644E-03    1.103E+02   -7.918E+02 
    11     5.500E+02    2.932E+00    9.003E-03   -1.273E+02   -1.120E+03 
    12     6.000E+02    6.624E-01    2.034E-03   -3.367E+01   -1.116E+03 
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    13     6.500E+02    2.129E+00    6.538E-03    1.559E+02   -1.017E+03 
    14     7.000E+02    6.414E-01    1.970E-03    8.170E+01   -1.181E+03 
    15     7.500E+02    7.782E-01    2.390E-03    6.092E+01   -1.292E+03 
    16     8.000E+02    1.057E+00    3.245E-03    6.120E+01   -1.382E+03 
    17     8.500E+02    1.749E+00    5.370E-03    8.245E+00   -1.525E+03 
    18     9.000E+02    7.256E-01    2.228E-03    1.110E+02   -1.513E+03 
    19     9.500E+02    2.470E+00    7.586E-03    1.265E+02   -1.588E+03 
    20     1.000E+03    2.868E+00    8.808E-03   -2.448E+01   -1.829E+03 
    21     1.050E+03    3.633E-01    1.116E-03    3.696E+01   -1.858E+03 
    22     1.100E+03    1.288E+00    3.955E-03    1.282E+02   -1.857E+03 
    23     1.150E+03    1.624E+00    4.988E-03   -1.538E+02   -2.229E+03 
    24     1.200E+03    9.336E-01    2.867E-03    2.343E+01   -2.142E+03 
    25     1.250E+03    1.004E+00    3.083E-03    3.481E+01   -2.221E+03 
    26     1.300E+03    6.705E-01    2.059E-03    1.490E+02   -2.197E+03 
    27     1.350E+03    3.360E-01    1.032E-03    3.797E+01   -2.398E+03 
    28     1.400E+03    1.005E+00    3.088E-03    9.276E+01   -2.433E+03 
    29     1.450E+03    7.310E+00    2.245E-02   -6.773E+00   -2.623E+03 
    30     1.500E+03    7.712E-02    2.368E-04   -3.514E+01   -2.742E+03 
    31     1.550E+03    1.032E+02    3.168E-01    1.757E+02   -2.621E+03 
    32     1.600E+03    7.796E-01    2.394E-03   -1.357E+02   -3.023E+03 
    33     1.650E+03    3.031E-01    9.309E-04    8.662E+01   -2.891E+03 
    34     1.700E+03    7.709E-01    2.367E-03   -6.654E+01   -3.134E+03 
    35     1.750E+03    1.026E+02    3.152E-01   -2.192E+00   -3.160E+03 
    36     1.800E+03    1.518E-01    4.661E-04    1.038E+02   -3.144E+03 
    37     1.850E+03    7.158E+00    2.198E-02    1.691E+02   -3.169E+03 
    38     1.900E+03    6.596E-01    2.026E-03   -4.070E+01   -3.469E+03 
    39     1.950E+03    8.608E-01    2.643E-03   -1.501E+02   -3.669E+03 
    40     2.000E+03    1.104E+00    3.392E-03    1.630E+02   -3.446E+03 
    41     2.050E+03    5.606E-01    1.722E-03    1.456E+00   -3.697E+03 
    42     2.100E+03    2.742E-01    8.420E-04    1.778E+02   -3.611E+03 
    43     2.150E+03    9.462E-01    2.906E-03   -6.012E+01   -3.939E+03 
    44     2.200E+03    5.518E-01    1.695E-03   -7.709E+01   -4.047E+03 
    45     2.250E+03    8.616E-01    2.646E-03    9.989E+01   -3.960E+03 
    46     2.300E+03    1.107E+00    3.400E-03    4.738E+01   -4.103E+03 
    47     2.350E+03    1.419E+00    4.359E-03    1.410E+02   -4.099E+03 
    48     2.400E+03    1.076E+00    3.305E-03    1.148E+02   -4.216E+03 
    49     2.450E+03    2.305E+00    7.078E-03    5.698E+01   -4.364E+03 
    50     2.500E+03    1.891E+00    5.809E-03   -1.256E+02   -4.636E+03 
    51     2.550E+03    4.909E-01    1.507E-03   -1.775E+02   -4.778E+03 
    52     2.600E+03    1.581E+00    4.857E-03    8.079E+01   -4.610E+03 
    53     2.650E+03    1.623E+00    4.986E-03    1.501E+01   -4.766E+03 
    54     2.700E+03    5.886E-01    1.807E-03   -5.260E+01   -4.924E+03 
    55     2.750E+03    2.999E+00    9.209E-03   -3.969E+01   -5.002E+03 
    56     2.800E+03    2.350E+00    7.217E-03    5.280E+01   -4.999E+03 
    57     2.850E+03    7.734E-01    2.375E-03   -3.012E+00   -5.145E+03 
    58     2.900E+03    9.658E-01    2.966E-03    6.828E+01   -5.164E+03 
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    59     2.950E+03    1.121E+00    3.444E-03   -8.947E+01   -5.412E+03 
    60     3.000E+03    4.725E-01    1.451E-03   -1.572E+02   -5.570E+03 
    61     3.050E+03    1.222E+01    3.751E-02    8.373E+01   -5.419E+03 
    62     3.100E+03    1.622E+00    4.981E-03   -2.993E+01   -5.623E+03 
    63     3.150E+03    1.118E+00    3.434E-03   -1.550E+02   -5.839E+03 
    64     3.200E+03    1.000E+00    3.072E-03    1.624E+02   -5.611E+03 
    65     3.250E+03    6.003E+01    1.844E-01   -9.563E+01   -5.960E+03 
    66     3.300E+03    3.088E-01    9.482E-04   -9.628E+01   -6.051E+03 
    67     3.350E+03    6.079E+01    1.867E-01   -9.634E+01   -6.141E+03 
    68     3.400E+03    6.169E-01    1.895E-03   -9.520E+01   -6.230E+03 
    69     3.450E+03    5.051E-01    1.551E-03   -4.439E+01   -6.269E+03 
    70     3.500E+03    6.280E-01    1.928E-03    1.676E+02   -6.148E+03 
    71     3.550E+03    1.080E+01    3.315E-02    8.354E+01   -6.322E+03 
    72     3.600E+03    4.802E-01    1.475E-03   -9.091E+01   -6.586E+03 
    73     3.650E+03    1.088E+00    3.342E-03   -1.767E+02   -6.762E+03 
    74     3.700E+03    4.126E-01    1.267E-03    6.964E+01   -6.606E+03 
    75     3.750E+03    4.793E-01    1.472E-03   -3.620E+01   -6.802E+03 
    76     3.800E+03    1.637E+00    5.027E-03   -6.580E+01   -6.922E+03 
    77     3.850E+03    2.065E+00    6.341E-03    1.457E+02   -6.801E+03 
    78     3.900E+03    6.132E-01    1.883E-03    4.025E+01   -6.997E+03 
    79     3.950E+03    1.896E+00    5.823E-03   -9.811E+01   -7.225E+03 
    80     4.000E+03    1.129E+00    3.468E-03    1.141E+02   -7.103E+03 
    81     4.050E+03    2.223E-01    6.826E-04    1.285E+02   -7.179E+03 
    82     4.100E+03    1.504E+00    4.619E-03    3.905E+01   -7.359E+03 
    83     4.150E+03    2.333E-01    7.165E-04    1.080E+02   -7.380E+03 
    84     4.200E+03    4.511E-01    1.385E-03   -4.108E+01   -7.619E+03 
    85     4.250E+03    2.121E+00    6.514E-03    6.911E+01   -7.599E+03 
    86     4.300E+03    1.837E+00    5.642E-03    2.808E+01   -7.730E+03 
    87     4.350E+03    1.162E+00    3.567E-03    3.429E+01   -7.814E+03 
    88     4.400E+03    8.756E-01    2.689E-03    4.920E+01   -7.890E+03 
    89     4.450E+03    1.304E+00    4.005E-03   -1.574E+02   -8.187E+03 
    90     4.500E+03    8.418E-01    2.585E-03    7.634E+01   -8.043E+03 
    91     4.550E+03    7.931E-01    2.435E-03   -1.771E+01   -8.227E+03 
    92     4.600E+03    9.622E-01    2.955E-03   -2.192E+01   -8.322E+03 
    93     4.650E+03    1.956E-01    6.006E-04   -1.447E+02   -8.535E+03 
    94     4.700E+03    1.668E+00    5.123E-03    1.115E+02   -8.369E+03 
    95     4.750E+03    4.910E+01    1.508E-01    1.700E+02   -8.400E+03 
    96     4.800E+03    6.011E-01    1.846E-03    1.672E+02   -8.493E+03 
    97     4.850E+03    2.072E+01    6.363E-02   -7.751E+00   -8.759E+03 
    98     4.900E+03    8.749E-01    2.687E-03    1.294E+01   -8.828E+03 
    99     4.950E+03    6.120E-01    1.879E-03    7.338E+01   -8.858E+03 
   100     5.000E+03    7.809E-01    2.398E-03   -1.237E+02   -9.145E+03 
 
 
     TOTAL HARMONIC DISTORTION =   5.478405E+01 PERCENT 
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**** 11/29/07 07:50:38 *********** Evaluation PSpice (Nov 1999) ************** 
 
 * E:\Misc\Thesis Work\PSPICE\3 phase PWM-7.5 HP Sim Circuit ma = .8 mf=33.sch 
 
 






FOURIER COMPONENTS OF TRANSIENT RESPONSE I(R_Rp1) 
 
 DC COMPONENT =   6.598493E-03 
 
 HARMONIC   FREQUENCY    FOURIER    NORMALIZED    PHASE        
NORMALIZED 
    NO         (HZ)     COMPONENT    COMPONENT    (DEG)       PHASE (DEG) 
 
     1     5.000E+01    2.999E+01    1.000E+00   -1.424E+02    0.000E+00 
     2     1.000E+02    1.670E-01    5.571E-03    3.811E+01    3.230E+02 
     3     1.500E+02    1.172E-02    3.908E-04    1.052E+02    5.325E+02 
     4     2.000E+02    7.582E-02    2.528E-03    1.330E+02    7.027E+02 
     5     2.500E+02    5.020E-02    1.674E-03   -7.025E+01    6.419E+02 
     6     3.000E+02    9.924E-03    3.309E-04   -2.219E+01    8.324E+02 
     7     3.500E+02    4.544E-02    1.515E-03   -1.401E+02    8.569E+02 
     8     4.000E+02    2.777E-02    9.259E-04   -3.389E+01    1.106E+03 
     9     4.500E+02    1.177E-02    3.925E-04    1.338E-01    1.282E+03 
    10     5.000E+02    3.897E-02    1.299E-03   -1.759E+02    1.248E+03 
    11     5.500E+02    3.318E-02    1.107E-03    2.339E+01    1.590E+03 
    12     6.000E+02    9.632E-03    3.212E-04    8.884E+01    1.798E+03 
    13     6.500E+02    4.745E-02    1.582E-03   -1.482E+02    1.703E+03 
    14     7.000E+02    1.014E-02    3.381E-04   -1.672E+02    1.827E+03 
    15     7.500E+02    1.179E-02    3.933E-04    1.800E+02    2.316E+03 
    16     8.000E+02    9.888E-03    3.298E-04    1.462E+02    2.425E+03 
    17     8.500E+02    1.779E-02    5.934E-04    1.204E+02    2.542E+03 
    18     9.000E+02    1.057E-02    3.525E-04   -1.280E+02    2.436E+03 
    19     9.500E+02    3.446E-02    1.149E-03   -1.532E+02    2.553E+03 
    20     1.000E+03    3.244E-02    1.082E-03    1.077E+02    2.956E+03 
    21     1.050E+03    1.437E-03    4.791E-05    5.244E+01    3.043E+03 
    22     1.100E+03    1.670E-02    5.570E-04   -1.661E+02    2.967E+03 
    23     1.150E+03    1.283E-02    4.277E-04   -7.007E+01    3.206E+03 
    24     1.200E+03    7.341E-03    2.448E-04    1.139E+02    3.532E+03 
    25     1.250E+03    1.406E-02    4.687E-04    1.549E+02    3.716E+03 
    26     1.300E+03    8.294E-03    2.766E-04   -6.165E+01    3.641E+03 
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    27     1.350E+03    4.462E-03    1.488E-04    1.562E+02    4.002E+03 
    28     1.400E+03    5.459E-03    1.821E-04   -1.722E+02    3.816E+03 
    29     1.450E+03    5.668E-02    1.890E-03    1.107E+02    4.241E+03 
    30     1.500E+03    4.008E-03    1.337E-04    5.351E+01    4.326E+03 
    31     1.550E+03    7.884E-01    2.629E-02   -1.211E+02    4.294E+03 
    32     1.600E+03    1.234E-02    4.117E-04   -4.146E+00    4.554E+03 
    33     1.650E+03    2.639E-03    8.801E-05    3.725E+01    4.737E+03 
    34     1.700E+03    1.224E-02    4.082E-04    8.385E+00    4.851E+03 
    35     1.750E+03    6.993E-01    2.332E-02    1.200E+02    5.105E+03 
    36     1.800E+03    2.168E-03    7.231E-05   -1.146E+02    5.013E+03 
    37     1.850E+03    4.320E-02    1.441E-03   -1.274E+02    5.142E+03 
    38     1.900E+03    7.141E-03    2.381E-04    1.042E+02    5.516E+03 
    39     1.950E+03    5.137E-03    1.713E-04   -6.715E+01    5.488E+03 
    40     2.000E+03    4.260E-03    1.421E-04   -1.213E+02    5.576E+03 
    41     2.050E+03    8.097E-03    2.700E-04    1.481E+02    5.988E+03 
    42     2.100E+03    1.026E-03    3.421E-05    3.505E+00    5.985E+03 
    43     2.150E+03    2.891E-03    9.640E-05    4.752E+01    6.172E+03 
    44     2.200E+03    3.425E-04    1.142E-05    7.197E+01    6.339E+03 
    45     2.250E+03    4.744E-03    1.582E-04    1.726E+02    6.582E+03 
    46     2.300E+03    6.681E-03    2.228E-04    1.280E+02    6.680E+03 
    47     2.350E+03    5.351E-03    1.785E-04   -1.282E+02    6.566E+03 
    48     2.400E+03    6.705E-03    2.236E-04   -1.559E+02    6.681E+03 
    49     2.450E+03    1.012E-02    3.374E-04    1.240E+02    7.103E+03 
    50     2.500E+03    8.793E-03    2.932E-04    2.797E-01    7.122E+03 
    51     2.550E+03    2.017E-03    6.726E-05   -9.956E+01    7.164E+03 
    52     2.600E+03    8.527E-03    2.844E-04    1.624E+02    7.569E+03 
    53     2.650E+03    9.036E-03    3.013E-04    1.436E+02    7.692E+03 
    54     2.700E+03    2.547E-03    8.493E-05    6.294E+01    7.754E+03 
    55     2.750E+03    7.306E-03    2.437E-04    1.817E+01    7.852E+03 
    56     2.800E+03    1.029E-02    3.432E-04    1.778E+02    8.154E+03 
    57     2.850E+03    2.832E-03    9.443E-05    1.110E+02    8.229E+03 
    58     2.900E+03    2.860E-03    9.539E-05    1.186E+02    8.379E+03 
    59     2.950E+03    3.706E-03    1.236E-04    4.620E+01    8.449E+03 
    60     3.000E+03    5.215E-04    1.739E-05   -1.139E+02    8.432E+03 
    61     3.050E+03    4.663E-02    1.555E-03    1.387E+02    8.827E+03 
    62     3.100E+03    5.132E-03    1.711E-04    8.159E+01    8.912E+03 
    63     3.150E+03    2.931E-03    9.773E-05   -3.790E+01    8.935E+03 
    64     3.200E+03    1.915E-03    6.387E-05   -9.064E+01    9.025E+03 
    65     3.250E+03    2.170E-01    7.237E-03    2.469E+01    9.283E+03 
    66     3.300E+03    2.115E-03    7.054E-05    1.459E+01    9.415E+03 
    67     3.350E+03    2.113E-01    7.046E-03   -3.595E+01    9.507E+03 
    68     3.400E+03    3.455E-03    1.152E-04   -4.444E+00    9.681E+03 
    69     3.450E+03    8.045E-04    2.683E-05   -9.618E+01    9.731E+03 
    70     3.500E+03    2.844E-03    9.483E-05   -1.347E+02    9.835E+03 
    71     3.550E+03    3.736E-02    1.246E-03   -1.541E+02    9.958E+03 
    72     3.600E+03    1.938E-03    6.463E-05   -5.339E+01    1.020E+04 
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    73     3.650E+03    5.368E-03    1.790E-04   -1.356E+02    1.026E+04 
    74     3.700E+03    2.029E-03    6.767E-05   -1.243E+02    1.042E+04 
    75     3.750E+03    1.883E-03    6.280E-05    6.740E+01    1.075E+04 
    76     3.800E+03    3.516E-03    1.173E-04   -1.848E+01    1.081E+04 
    77     3.850E+03    4.715E-03    1.572E-04   -1.313E+02    1.084E+04 
    78     3.900E+03    3.543E-03    1.182E-04    1.473E+02    1.126E+04 
    79     3.950E+03    2.558E-03    8.531E-05   -1.428E+01    1.124E+04 
    80     4.000E+03    3.494E-03    1.165E-04   -1.496E+02    1.124E+04 
    81     4.050E+03    1.810E-03    6.036E-05   -1.492E+02    1.139E+04 
    82     4.100E+03    3.754E-03    1.252E-04    1.061E+02    1.179E+04 
    83     4.150E+03    1.420E-03    4.734E-05   -8.781E+01    1.173E+04 
    84     4.200E+03    1.076E-03    3.587E-05    1.197E+01    1.198E+04 
    85     4.250E+03    5.145E-03    1.716E-04    1.535E+02    1.226E+04 
    86     4.300E+03    5.457E-03    1.820E-04    1.470E+02    1.240E+04 
    87     4.350E+03    2.742E-03    9.146E-05    1.043E+02    1.250E+04 
    88     4.400E+03    1.577E-03    5.258E-05    1.474E+02    1.268E+04 
    89     4.450E+03    2.440E-03    8.137E-05   -8.642E+01    1.259E+04 
    90     4.500E+03    1.845E-03    6.153E-05    1.566E+02    1.298E+04 
    91     4.550E+03    3.706E-03    1.236E-04    9.975E+01    1.306E+04 
    92     4.600E+03    1.244E-03    4.148E-05    1.027E+01    1.311E+04 
    93     4.650E+03    1.098E-03    3.661E-05   -1.406E+02    1.311E+04 
    94     4.700E+03    3.632E-03    1.211E-04   -1.782E+02    1.321E+04 
    95     4.750E+03    1.203E-01    4.012E-03   -7.170E+01    1.346E+04 
    96     4.800E+03    1.429E-03    4.767E-05   -8.791E+01    1.359E+04 
    97     4.850E+03    4.847E-02    1.617E-03    4.861E+01    1.386E+04 
    98     4.900E+03    2.672E-03    8.912E-05    9.305E+01    1.405E+04 
    99     4.950E+03    3.277E-04    1.093E-05   -7.632E+01    1.402E+04 
   100     5.000E+03    3.338E-03    1.113E-04   -6.360E+01    1.418E+04 
 
 
     TOTAL HARMONIC DISTORTION =   3.769191E+00 PERCENT 
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